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MErJBAN1CA.L TESZS OF MACERATED PHEiXOLIC MOLDING N A T E R I A L  

By W i l l i a m  N .  Find:Ler* 

SUMMARY 

E e s u l t s  of mechc?nicsl  t e s t s  of m a c e r a t e d  p h e n o l i c  m o l d -  
i n g  m a t e r i a l  a r e  r e p o r t e d .  These  t e s t s  were  c a r r i e d  o u t  
i n  a r o D m  m a i n t a i n e d  a t  a c o n s t a n t  t e m p e r a t u r e  of '77 F a n d  
r e l a t i v e  h u m i d i t y  o f  5 0  y e r c e n t . ,  The f o l l o w i n g  t e s t s  were  
p e r f o r m e d :  S t a t i c  t e n s i o n ,  compress ' .on ,  t o r s i o n ,  a n d  f l e x -  
u r e  t e s t s ;  l o n g - t i m d  c r e a p  t e s t s  a t  $ & i f f e r e c t  s t r e s s e s ,  
t e s t s  f o r  t i n e  t o  f r a c t u r e  under  l o n g - c o n t i r i u e d  c o n s t a n t  
l o a d ;  I z o d  a n ?  Charp,'i' irrigact t e s t s ;  b e n d i n g  f a t i g u e  t e s t s  
a t  d i f f e r e n t  r a n g e s  o f  s t r e s s ;  r o t a t i n g - b e e m  f a t i g u e  t e s t s  
a t  6 i f f e r e n t  s p e e d s  o f  t e s t i n g ;  ro t : tz t ing  beam f a t i g u e  t e s t s  
o f  n o t c h e d  s p e c i m e n s ;  and  t o r s i o n  f a t i g u e  t e s t s .  

0 

The s t a t i c  t e s t s  were a l l  made a t  t h e  same r a t e  o f  
c t r a i n ;  a n d  t h e  r e s u l t s  o f  t h e  s t a t i c  t e s t s  i n c l u d e  v a l u e s  
o f  y i e l d  s t r e n g t h ,  u l t i m a t e  s t y e n g t h ,  a n d  modulus  o f  e l a s -  
t i c i t y  i n  t e n s i o n .  c o m p r e s s i s n ,  a n d  s h e a r  ( t a r s i a n ) .  

T h e  d f f e c t  of s ~ o e d  o f  t e s t v i n g  o i l  t h e  r e s u l t s  of t h e  
t o r s i o n  t e s t  i s  shown; t h e  e f f e c t  o f  " c o n d i t i o n i n g "  O L  t h e  
c o m p r e s s i v e  s t r c n g t h  i s  shown; t h e  e f f e c t  of  s t r e s s  on 
c r e c p  i s  sLown; a n 3  t h e  e f f e c t s  cjf rar-ge o f  s t r e s s ,  s p e e d  
o f  t e s t i n g ,  n o t c h e s  a n d  d i f f e r e n t  t y p e s  o f  l o a d i n g s  on t h e  
f a t i g u e  s t r e n g t h  a r c  zhown,  

1, P u r p o s e  o f  I n v e s t i g a t i o n  

T h e  t e s t s  r e ? o r t c d  h e r e i n  were u n d e r t a k e n  b e c a u s e  o f  
th.2 f a c t  %hat  m a c e r a t o d  p h e n o l i c  m o l c i n g  m a t e r i a l s  a r e  
b e i n g  u s e d  i n  a p p l i c a t i o n s  i n  79rhicii t h e  l o a d - r e s i s t i n g  
a b i l i t y  o f  t h s  r m t s r i a l  i c  o f  I m p o r t a n c e .  An examisle o f  
s u c h  a n  a p ~ l i c a t i o n  i s  t h o  u s e  o f  t h i s  m a t e r i a l  f o r  a i r -  
c r a f t  a n t e n n a  masts.  I n  some o f  t h e  a p p l j c a t i c x n s  i n  wh ich  
this n a t e r i a l  i s  a s e d  i t  nay be s u 5 j e c t c d  t o  s t a t i c  loads, 

-- ~_____----__---__ - ~ - ~ - -  --_-- + 
A s s o c i a t e  i n  T h e o r e t i c a l  z;nd A p p l i e d  M e c h a n i c s ,  C o l l e g e  of 

E n g i n e e r i n i ; ,  U n i v e r s i t y  o f  I l l i n o i s ,  U r b a n a ,  I l l .  
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c a  

d I  
t o  ieey>eateZ l o a d s ,  ar-d t&~ i x p a c t .  S t a t i c  l i o a d s  o f  l o n g  
d u r s t i o n  imy r e s u l t  i n  d i s t u c t i o n  OT f r a c t u r e  a s  a r e s u l t  
o f  c r e e p  ( r e f e r e n c e s  I t o  7); r e p e a t e d  loatds ( v i b r a t i o n )  
n a y  l - e c u l t  i n  a F r o g r e s s i v e  f r a c t u r e  \ f a t j . g u e )  ( r e f e r e n c e s  
3 ,  6 ,  E ,  9 ,  10); i m p a c t  m a y  r e s u l t  I n  f r a c t u r e  i f  t:ie en-  
e r g y - p b c o r b i n g  c a p a c i t y  o f  t h e  n p t e r i a l  i s  t o o  l o w .  T h u s  
i t  i s  e v i d e n t  t h a t  a knowledge  of‘ che  a b i l i t y  o f  t h e  inate- 
rral t o  w i t h s t a n d  t h e s e  v s r i e u s  t y p e s  o f  l u a d i u g  i s  n e c e s -  
z a r y  i c u  3 r a t i o n a l  i;t.sis;u o f  , ,leubers a c d  f o r  p r o p e r  s e -  
l e c t t o n  o f  m a t a r i a l  f c r  a s p e c i f i c  a g p l i c a t i o n ,  

T o  3 a t e  t h e  v o l u n e  o f  s i g n . i f i c a n t  d a t a  e n  m e c h a n i c a l  
t e s t s  o f  g l a s t i c s  i s  r e l a t i v e l y  o E a l l ,  A b i b l i o g r a p h y  o f  
s o n e  o f  t h e  more i m p o r t a n t  t . ~ o r k  t h a t  h a s  ccme t o  t h e  a t t e n -  
t i o n  o f  t h e  a u t h o r  i s  given.  a t  t i i e  e n 2  ~f t h i s  repor t ;  ( p P .  
31-52) I Coi - i s ide rab le  da t a  a r e  r t v , ? i l n b l e  o n  s t r t t i c  p r o p e r -  
t i e s  and. i 2 p a c t  p r o p e l y t i e s ,  a n d  some da t a  a r e  a v a i l a b 1 . e  on  
c r e e p .  Yoi.revor, ;part o f  t l i e  d a t a  whic’t; a r e  a v a i l a b 1 . e  c o v e r  

l a b o r a t , o r y  c o n d i t i o n s .  2T2 d a t a  I-av.2 ~ o m e  t o  t h e  a. t”uentisr ,  
G f  t h e  a u t h o r  ori f a t i g L e  o r  c r e e p  t e s t s  o f  m a c e r a t e d  rncld- 
ing m a t e r i a l .  E’cw d a t a  8 r z  a v a i l a b l e  on t o r s i o n ~ l .  - p r o p e r -  
t f e s  o f  F l a s t i c s ,  a n d  or , lv  o ~ e  F n v a s > i g a t i o i ~  o f  t h e  e f f e c t  
o f  r a n g e  o f  s t r e s s  on fat i igu-e p i - a p e r t i e s  o f  p l a s t i c s  ( r e f -  
e r e n c c  3 )  h a s  come t o  t h e  a t t e n t i o n  o f  thi?  a v . t h o r .  

r e s u l t s  o f  t e s t s  which  were  n o t  car.rietA c u t  u n d e r  c o n t r o l l e d  b* 

d 

2, Acknov~l .edgnents  

The c u t h o r  w i s h e s  t o  e x p r e s s  his g r a t i t u d e  t o  t h e  
N a t i o n a l  A d v i s o r y  Commit tee  for Aeron ; . . u t i c s  f o r  t h e i r  s ~ o n -  
s o r s h i p  of  t h i s  p r o g r n m  o f  t e s t s ,  a n d  t o  t i l e  P l a s t i c s  
D i v i s i o n  o f  tiis R o n s a n t o  C h c n i c a l  Company f o r  t h e  m a t e r i a l  
s u p p L i c d  alld f o r  t h e i i .  c o o r e r a t i o n  i n  y r e p z r i . n g  A s p e c i a l  
f o r m u l P w t i o n  i n  o r d e r  t h x t  , :oc-platc d n t e  n i g k t  58  give :>  r e -  
c ; s rd ing  t h e  c o m p o s i t i o z .  of t h e  n a t e r i a 1 .  Dr. 11. X, l?CisGll 
vas t n s t s u n e n t a S  i n  p r e F a r i n g  tki E m a t e r i a l .  Acknowledg-  
:;ient, i s  also aa3.e t o  t!ie V . S .  Begiona? .  S o y  Bean  L ~ i 3 o r a -  
t o r y  a t  t h e  U n i v e r s i t y  of  I l l i n o i s  f o r  t h e  l o a n .  o f  c e r t a i n  
a f r - c o n d i t i o n i n g  a n d  t e s t i n g  e q u i p m e n t .  

T h e s e  t e s t s  were  c? Tar t  o f  t h e  w o r k  o f  t h o  3 n g i n j e r i n g  
E x p e r i m e n t  S t a t i o f i  o f  t h e  U ~ i v e r s i t y  o f  I l l i n o i s ,  C e a u  14. 
L. E n g e r  i l i r c c t o r ,  i n  t h e  b c p a r t i x e n t  o f  T n e o r e t i c a l  
Appl ied .  Mechan izs  3f v1iic;i E’. 3 3 .  S e e l y  i s  !lead, The  a v - t h o r  

t i o n s  ?.ad c r i t i c i s m  d u r i n g  t h e  cor,duct c f  t h e s e  t e s t s  a n d  
t h o  preparation o f  t h i s  p a p e r .  The  i ‘ ~ - b i g u o  t e s t s  r e p o r t e d  

i s  i n d e b t e d  t o  F. 3 .  S c e l j r  and. K. F. K o o r e  f o r  ‘ ;he i r  sugges-  r* 
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i n  t h i s  p a p e r  were  p e r f o r m e d  a s  p a r t  o f  s e n i o r  t h e s e s  by 
J .  Y. L e s s n e s  ar.d W .  J. L i n d a h l  u n d o r  t h e  autbcr's d i r e c -  
t i o n ,  The  t e n s i o n ,  c c r n p ~ e s s i o n ,  a n d  t o r s i o n  t e s t s  w e r e  a 
part o f  a s e n i o r  t h c s i s  by B a  J. F s r r e l l  p e r f o r m e d  u n d e r  
t h e  n u t h o r ! s  d i r e c t i o n ,  Credit i s  als:; t'lue O t t c  H i n t z ,  
R ,  V. C h a s e ,  arLd Y. J .  Wor ley ,  s tudeni ;  t e s t  assistants f o r  
t h e i r  c a r e f u l  w c r k  d u r i n g  t h e  c o n d u c t  o f  t h e s o  t e s t s ,  

Tbis i n v e s t i s a t i o n ,  condu.cted a t  t h e  U n i v e r s i t y  o f  
1 1 1 l n o i s ,  was s p o n s ~ r e d  b y 8  and c o n d u c t e d  w i t h  f i n a n c i a l  
a s c i s t a n c e  frorr. t h e  N i i a t i c n a l  d d v i  s o r y  Cornz i t t ee  f o r  
A e r o n a u t i c s ,  

1 1 .  TYPES OF TEST 

Th3 f o i ? o v i n Z  t e s t s  were p e r f o r m o d  on t h e  p h e n o l i c  
molding m a t e r i a l  ur ider  c o n d i t i o n s  o f  c o n s t a n t  t e m p e r a t u r e  
,an0 c o n s t a n t  r e1a ' ; i ve  n i i m i d i t y t  s h o r t - t i m e  I '  z t a t i c "  t e s t s  
i n  t e n s i o n ,  c o m p r e e s i o n ,  a n d  t o r s t o n  were c o n d u c t e d  t o  de-  
tc'lrminc % h e  u l t i a n a t e  s t r e n g t h ,  y i ~ l d  s t r e n g t h ,  a n d  modulus 
c,f c l s s t i c i t y  u n d e r  t h e  t h r e e  c o n d i t i o n s  o f  l o a d i n g ;  t sv -  
s i o u  t e s t s  o f  hol!.ow a n d  a o l i t  s p o c i n c n s  w e r e  c c n d u c t e d  a t  
s e v e r - i l  s p e e d s  of t e s t i n g  t o  de tc r r i i inc  t l i e  e f f e c t  o f  speeii  
?n t h e  r e s u l t s  a f  s t a t i c  t e s t s ;  c c m p r e s s i o n  t e s t e  o f  spec-  
i m c n s  s u b j e c t e d  t o  t h r e e  d i f f e r a n t  " c o n d i t i o n i n g ; "  p r o c e -  
c?nres  x e r e  c o n d u c t e d  t o  s t u d y  t h e  e f f e c t  of c o n d i t i o n i n g  
on t h o  r c s u l t s  o f  t e a t s ;  Chqrpy a n d  I z o d  i m p a c t  t e s t s  were  
c o n a u c t e d ;  c r e e p  t e s t s  and t e s t s  f o r  t i n e  t o  f r a c t u r e  u n d o r  
3 c a n s t n n t  l o a d  wcre  condilctec! ;.t d b f f e r e n t  s t r e s s e s ;  'oend- 
i n g  f a t i g u a  t e s t s  wcre  c o n d u c t e d  t o  d e t e r m i n e  t h o  e f f z c t  
sf d i f f d r e n t  r a n g e a  o f  s t r o s F  on t h c  f a t i g u e  s t r s n g t h ;  ro- 
t n t i n g - b e a m  f a t i g u e  t e s t s  wero oonduc ted  t o  s t u d y  t h e  e f -  
f e c t  of  speed  o f  t e s t i n g  a n d  t h e  e f f e c t  o f  n o t c h e s  on t h e  
f a t i g u e  s t r e n g t h ;  a n d  f a t i g u e  t o s t s  i n  t o r s i o n  were  can -  
d u c t e d  t o  d o t e r n i c e  t h e  f a t i g u e  s t r e n g t h  u i idc r  t h i s  t y p e  
o f  l o a d i n g ,  

1 1 1 .  NATERIAL AND SPECI1,IXNS 

c 1. M a t e r i a l  

The " m a c e r a t e d "  phenla l ic  m o l d i n g  m a t e r j . a l  f o r  t h e s e  
t e s t s  was s u p p l i e d  by  t h e  X ' l a s t i c s D f v i s i s n  c f  t h e  Wonsanto 
C h e m i c a l  Company. I t  w a s  nade i n  t h e  X a n s a n t o  l a b o r a t o r i e s  
e s p e c i a l l y  f o r  t h e s e  t e s t s  and  145s a s p e c i a l  f o r m u l a t i o n  a s  
d e s c r i b e d  be low.  The  c a m y o s i t i o n  a n d  t r e a t m e n t ,  hov,rever, 
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arc?  s imi la r  t s  M o n s a n t o  Besinsx 6542 a n a  B e s i n o x  6 7 5 4 .  I t  
i s  also equiva lent  t o  U . S .  Navy t g p z  CFI-20 B a r s ~ u  of S h i p s  
A.d. I n t e r i m  Specifications 1724 ( I N T I .  

The m e l d i n g  c o m p o a f t i o a  contained 50 p e r c e n t  o f  a oile- 
s t a g e  yheuol-formaldehyde r e s i n  a n d  50 p e r c e n t  o f  c o t t o n  ' 

deoim and twill ragt cut i h  3 /4 - inoh  i e c o s .  The " c a b i n e t  
c I o s i r , g  t l a e f ' ( a  measure of p l a s t i c i t y 7  was 70 t o  80 seconds .  
The ma t i e r i a l  was p r e f o r D e d  a t  25' C a n d  ?OOO pounds per 
Eqtxare i n c h ,  Two separate p r e f o r m s  were u s e d  per  molded  
s l a b  i n  o l d u r  t o  ot\tz9a t h e  required thfoknesses. 

S h e e $ s ,  5- b y  7 - i n c h ,  were  molded o f  t h i s  m a t e r i a l  i n  
iwo t h i c l ~ n e s s e s ,  name ly ,  0.3 i n c h  a n d  0.5 i n c h ,  The d i f -  
f e r e n t  thicknesses were u s e d  in crdcr t o  accommudate  the 
s ~ e c i m e n s  r i ient ioned b e l o w .  The 0 . 5 - i n c h  s l a b s  were molded  
35 mLnutes  a t  170' C and C O O 0  pounds p e r  s q u a r e  i n c h .  The  
9e3-iack s l a b s  i r e r e  molded i 5  m '_nu tes  a t  170' C a n d  '7000 
p o u n d s  p e r  sq-uare  i n c h .  'I'hesu u o l r f i n g  c o n d i t ' l c n s  w e r e  e s -  
t a b l l s h e d  bg p r e l i m l n a x y  c x p e r i i a e n t s t i  nc at t h e  E o n s e n t o  
Laboratory, 

2 .  S p e c i m e n s  

?!he s p e c i m e n s  u e e d  i n  t h e s e  t e s t s  were  mach ined  f r o n  
5- by 7 - i n c h  s h e e t s  o f  t h o  m a c s r e t e d  m c l d i n g  r a t e r i a l  de-  
s c r i b e d  a b o v e .  A11 t e n s i o n ,  c o m p r e s s i o n ,  f l e x u r e ,  c T e e p o  
t f m 3  t o  f r a c t u r e ,  b e n d i n g  f a t i g u e ,  a n d  t o r s i o n  f e t f g u e  
s p e c i ~ e n s  were  nade f r o m  s h e e t s  a p p r s x i m a t e l y  0.3 i n c h  
t h - i c k ,  The t o r s l o n ,  i m p a c t ,  a n d  r o t a t i n g - b e a m  f a t i g u e  
t e s t a  v e r e  nade  cn s p e c i m e n s  c u t  f r o a  s h e e t s  0-5 i n c h  t h i c k .  
r e n s i o n ,  c o m p r e s s i o n ,  t o r s i c n ,  f l e x u r e ,  t i m o  t o  f r a c t u r e  
and c r e e p  c p e c i n e n s  weru? c u i  f r o u  t h e  s h c d t  w i t h  t h e  a x i s  
o f  Lhe spec imen p a r a l l e l  t o  t h e  ? - i n c h  d i m e n s i o n  o f  t h e  
s h e e t .  811 f a t i g u e  a n d  i m p a c t  s p e c i m e n s  w e r e  c u t  w i t k  
t h e i r  a x o s  p a r a l l e l  t c  t h e  5 - i n c h  d imens '+ . tn .  I n s o f a r  a s  
possible a11 s p e c i m o n s  for one  g r c u ?  or" t c s t s  were  c u t  
f rom o n e  s h e e t .  Where t h i s  was n o t  p o s s i b l e  t h e  s h e e t  num- 
b c r s  >;ere i n d i c a t e d  an t h e  c u r t e s .  

m 

The s p e c i m z n s  wore mach incd  t ; o . t h e  d i m e n s i o n s  shown 
i n  f i g u r e s  1, 2, a n d  3 by milling or t u r n i n g ,  as r e q u i r e d @  
u s i n g  c h a r y  t o 3 i . s  a n d  s u c h  c o m b i n a t i o n s  o f  t o o l  s h a p e ,  
s p e e d l  and f a e d  t i s  gave  good f i l i i s h  z n d  a minimum o f  heab- 
i n g  o f  t:ze s p e c i m e n .  f i f t c r  m a c h i n i n g ,  a11 rcach ined  c d g o s  

sible bccausc or^ t h c  c l o t h  f i l l o ?  i n  t h e  m a t e r i a l .  
were smoothed  w i t h  emery pa l ; e r .  A high p o l i s h  u a s  n d t  p o s -  * 
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3. P r e c o n d i t i o n i n 2  of  Spec imens  

A l l  s p e c i m e n s  were  allovvsd t o  rerrrain i n  t h e  a i r -  
c o n d i t i o n e d  l a b o r a t o r y  f o r  a t  l e a s t  t w o  wceks a f t e r  ma- 
c h i n i n g  b e f o r e  t h e  t e s t s  Here s t a r t e d .  A11 t e s t s  were  
c a r r i e d  out  i n  a l a b o r a t o r s 7  v h i c h  W B S  m a i n t a i n e d  a t  a con-  
s t a n t  t e m p e r a t u r e  o f  77’ + l o  y ,  a n d  50 k2 p e r c e n t  r e l a -  
t i v e  h u m i d i t y  c o n t i n u o u s l y  thrGl ighout  t h e  c u r a t i o n  0: t h e  
t e s t s .  T h i s  was n o c e r s a r y  b e c a u s e  o f  t h e  s e n s i t i v i t y  o f  
t h e  m a t e r i a l .  t o  small changes  i r ,  t e m p e r a t u r e  a n d  r e l a t i v e  
h u i n i d i t y  . 

X V ,  APP.UATUS AHD !%EST F’HOCEljUBE 

1, S t a t i c  T e n s i o n  T e s t s  

The t e n s i o n  t e s t s  were  made on s p e c i i a e n s  s h c r w q  i n  
f i g u r e  l a .  These  s p e c i m e n s  were h e l d  i n  T c m p l i n  wcdge 
g r i p s  a n d  t e s c e d  i n  a R i e L l e  150Ci-pound s in , -  ~ ~ a - s c r e w  m a -  
c k i n o  m o d i i i o d  t o  p r o v i d a  pendulum w e i g h i n g  a n d  e q u i p p e d  
w i t n  a d e r i c e  f o r  s o m i a u t o g r a p h i c  r e c o r d i n g ,  shown i n  f i g -  
u r e  4 .  A11 s-oscimens were t e a t e d  a t  a hGad s p c o d  o f  0.04 
i n c h  p e r  n i n u t c .  T h i s  sp:2cd r e s u l t c l  i n  a r a t e  o f  s t r a i n  
c f  O,CO15 i n c h  p e r  m i n u t e .  A Moorc-Bayes 2 - i n c h  e x t e n -  
s o m e t e r  v a s  a t t a c h e d  t o  t h e  spec imen  a n d  r e a d i n g s  of l o a d ,  
e x t e n s a m e t e r  d i v i s i q n ,  a n d  t i m e  were t a k e n  d u r i n g  t h e  
t e s t e .  

2 .  S t a t i c  c o m p r e s s i o n  T e s t s  

The same machine  was u s e d  f o r  c o m p s c s s i o n  t e s t s  & S  

f o s  t e n s i o n  t e s t s  e x c e p t  that u c o m p r e s s i o n  t o o l ,  shown 
i n  f i g u r e  4 ,  ‘was u s o d  w i t n  t h e  f o r m e r  i n  o r d e r  t o  avoid 
t n e  p o s s i b i l i t y  o f  e c c e n t r t c  l o n d i n g  o f  t ? i e  c o m p r e s s i o n  
s p e c i m e n s .  I n  t h i s  i n s t r u n e n t  t h e  spec imen  -4, f i g u r e  4 ,  
was c o m p r e s s e d  bc twcen  t h e  u p g c r  p l a t t e n  3 a n d  t h e  c y l i n -  
d e r  C .  Thc  c y l i n d e r  wa8 g u i d e d  i n  “,c yoke  D s o  t h a t  t h e  
f a c e  c f  t h e  c y l . i n d c r  was a lways  ’ ; 3 a r a l l e l  t o  t h o  u p p e r  
p l a t t e n .  Thus, i f  p r e c a u t i s n s  a r e  t z k c n  t o  oiachina t h e  
s p e c i m e n  cries T a r a l l e l  and c e n t e r  t n s  spoc imen  on t h e  c y l -  
i n d o ? ,  t h c  amount o f  c c c o n t r i c  l o a d i n g  s h o u l d  b o  n o g l i g i b l c  
C o m p r e s s i o n  t e s t 6  w e r e  made cn t w o  sizes o f  spdc imen  c u t  
froa t ’ r c  senie s h e e t  0 . 3  i n c h  t h i c k ,  a s  shovn in f i g u r e s  
2a a n d  2b.  The s h o r t  s p e c i r e n s ,  i / r  o f  1 2 ,  ? ‘ e r e  c s e d  t c  
o b t a i n  t h e  c o ~ p r e s s i v e  s t r e n g t h  o f  t h e  n a t e r i a l ;  w h e r e a s  
t k e  l u n g e r  s p e c i m e n s ,  Z/r of 2 7 ,  Mere u s e d  t o  d e t u r n i n e  
t h e .  : . ? o d u l u s  o f  e l a s t i c i t y  of t h e  mats r ia l  a n d  t h e  ganert-il 
s h a p e  o f  t h e  s t r e s s - s t r a i n  c u r v e .  Tho t e r m  Z/r ind. i -  
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~ . 3 j t l ? s  t h e  r a t i o  o f  t h e  l e n g t h  o f  t h e  s p e c i n e n  t o  t l?c r a d i u s  
o f  g y r a t i o n  0;' t h e  c r o s s  s e c t i c n  of t h 3  s p e c i m e n .  I n  u:-der  
t o  o 3 t n i n  t h e  T9Odulns o f  e l a s t i c i t y  a n d  shape  o f  t h e  s t r e s s -  
s l r n i n  cu1've a compr,ecsometer o f  1 - i n c h  g a g e  l e n g t h  wns 
ussc? with thc? l o n g e r  ~ , p e c i c e n s .  F s r  t h c  l o n g  c . ~ c c i ' 1 3 n s  all 
t e s t s  v 3 r L  r u n  a t  a h e a d  F l j e c J  o f  0 0102 i n c i  ? ,or  m i n c t s  
( r n t e  o f  s t r a l n  o f  0.0015 i n .  p e r  i n .  p e r  m i n , ) .  

3 .  S t a t i c  T o r s i o n  T e s t s  

I t  :Ira5 n e c o s a a r y  t o  J e s i g n  a n d  b l i k I d  s p e c i a l  a p p a r a t u s  
f o r  t h i s  t a s t  bechusr :  ~ a c ; . j n e s  o f  l a w  c a p a c i t y  were n o t  
a v a i l a b l e .  The a p G a r 2 t u - s  u s e d  i.s s h o w n  i n  f - i g u r e  5 .  The 
pendulum x e i g h i n g  s y s t e n :  of t h e  t o n s i o n  mach ine  was u s e d  
a s  t h e  m e a s u r i n g  d e v i c e  f o i -  t h e  t o r s t o n  m a c h i n e .  T h i s  WFLS 
a c c o m p l i  s h e d  by  a t  t a c i l i n g  t c th .2  : , ens i  o n  , n a c h i a e  a t w f  s t i n g  
h e a d  A i n  f i c ; u r c  5 ,  d r i v e n  by a dou-blc 1,rorn d r i v e .  A s v e -  
c i a 1  c h u c k  B W ~ L E  a t t a c l i e d  t o  t h e  F h a f t  o f  t h i s  t w i s t i n g  
h e a d  a n d  3 n c . t h e r  chtlck C i o  t h e  a x i ;  o f  tht: $enCluIarn I). 
Thoso c h u c k s  wcrc des ignc ; ;  t c  ay~~ ,?y  L t o r q u c  t o  t h e  s p e c i -  
men w i t h  l i t t l e  ctanger o f  b e n d i n g  ths s p c c i x e ~  a t  t k e  same 
t i n e .  T h i s  vas a c c o n p l i s h G d  b y  n L u n t i n g  t h e  s p c c i n ~ e n  oi l  
c e n t e r s  a:id a p p l y i n g  t t c  t o r c i u e  8 s  a c o c p l c  k y  n c a n a  o f  
ad- J u s t a b l e  S C I ' B t J S .  

n i1:e d o t r u s i o n  ga<,e, u s e d  f o r  mcas l i r ing  t l-e s h o a r ? n g  
strain, i s  shown i n  f i g u r e  6 .  I t  was d e s i g n e d  t o  s c c o m ~ ? o -  
ck te  m a t e r i a l s  v h o s e  u l t i m i i t s  s h 9 a r i n y  s t r a i n  was r e l s t i v c -  
ly srn.111 and m a t e r i a l s  which  mig ' i t  t w i s t  t w o  o r  t h r e c  r e v o -  
l u t i c n s  i n  8 l e n g t h  o f  2 inches. The ins t ru rnGnb  c o n s i s t -  
e+. o f  t w o  r i n g s  A i n  f i g u r e  6 ,  vi:.ich , i r e  s l i p p e d  O V G L "  t h e  
spec imen  a n d  f a s t e n e d  t o  i t  by t h r e e  a ( ? j u . s t i n g  s c r e w s  i n  
e a c h  ring. A gage  1e:;g:tn o f  2 i n c h e s  1,qrgtS o b t a i n e d  3y u s e  
o f  a T e m o v a b l e  s 2 n c e r  B .  T o  one of  t h c  r i n g s  W R S  f a s t s n e d  
2 c i r c u l a r  ssale C f 9 - r  menp iz r ing  J - ~ r g c  d e t r u s i a n .  ' C W J  
1 0 - i r c l i  R r i n S ,  D ,  f n s t e n e d  t o  t h e  sane j - i r g  c a r r i e d  s c a l e s  
an t h e  end  w h i c h  v e r e  u s e d  .in m e r i ~ u r i n g  small  d c t r u - s i o n .  
Xdjus t ,%. ,b le  ~ o i n t e r s  Z wsre a t t a o h e d  t o  t l - e  o t h e r  r i n g  i n  
suck n way a s  t o  i n d i c a t e  t h e  r e a f i - i n g s  o n  t ! l e j r  r e s p e c t i v e  
scales, 
1 

The p r o c e d w c  i n  c o n d u c t i n g  a t o r s i c n  t e s t  w?s f i r s t  
t o  mount t h e  de:rusj.on g z ~ e ,  t h e n  s f f i x  t h e  t o r q u c  arms F ,  
i n  f igu r . e  6 ,  t o  1,kc s -sec imen,  n o a n t  t h e  w h o l e  ba tween  t h e  
c e n t e r s  o f  t h e  t o r s i c 1 1  machif ie ,  a n d  a d j u s t  t h e  to rq i Je  
s c r e w s .  T h e  d r i v i n g  chuck  tias tl;c-,n r o t a t e d  a t  a u n i f q r o l  
speed  a n d  r e a d i n g s  o f  d s t r u s i o n ,  t o r q u e ,  a n d  t i m s  w a r e  
ta l rcn a t  i n t e r v a l s  o f  2 - e t r u s i c n  u r l t i l  f r a c t u r e  t o o k  T i a c e ,  
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The s h e a r i n g  s t r e s s  ':as computed f r o m  t h e  e q u a t i o n  
T = -- Tc a n d  s h s a r i n g  s t r a i n  was c o a m i t e d  I r o m  t h e  r e l a t i o n  J 

b 

4.. Creep  T c s t s  

Yhe equ ipmen t  ~ ~ e d  f o r  c o i i d u c t i ~ g  t h e  c r e e p  t e s t s  
c o n s i s t e d  of  a s t e e l  r a c k .  fr3,n i.vhich 2 2  s p e c i m e n s  c o u l d  
b e  suspend .ed ;  c a l i b r a t e d  w e i g h t s  u s e d  f c r  1 o a d i n g  t h e  
s p e c i m e n s ;  m e a s u r i n g  eq:iipment; f o r  d e t e r m i n i n g  t h e  s t r a i n  
i n  e a c h  s p e c i x e n ;  a n d  a c l o c k  eq-ulpped w i t h  a c z u n t e r  t o  
r e c o r d  t h e  e l a y s e d  t i m e  i r i  h o u r s .  

rn ~ i g u r e  7 s h c w s  a p o r t i o n  o f  t h e  c r e e p  r a c k  izr i tk i  appa-  
r a t u s  s s t  up  f o r  m e a s u r i n g  t h e  s t r a i n  of a s p e c i n e n .  The 
r p s c i m o n  ii was s u b j e c t e d  t o  an  a x i a l  t e n s i l e  l o a d  by n;eans 
c f  Cead i i rc ights  a t t a c h e d  t o  t h e  r o d  B .  The  spccirn2n was 
Leld by g r i p s  C ,  w h i c h  c o n t a i n c d  a hook-and-eye  t y p e  o f  
s w i v e l  j o i n t .  T h i s  j o i r i t  x a s  p r o v i d e d  i n  o r d e r  t o  minim- 
i z e  t1:e g c s s i b i - l i t y  o f  b e n d i n g  t h e  s p s c i m e n .  

The e x t e n s o n e t c r  u s e d  f o r  m e a s u r i n g  t h e  c r e e p  con- 
s i s t e d  o f  8 l s v e r - t y p e  i n r . t r u m e n t  w i t h  a t r a v o i i n g  mfcro-  
sco;3e ( c a t h e t o m e t e r )  D, f i g u r e  7 ,  f o r  n e a s u r i n g  t h a  d i s -  
placement be t i r een  f i x e d  r e f e r e n c e  marks  on t h e  end  o f  t h e  
l e v e r  E a n d  t h e  s t a t i 2 n a r g  arm F. iL t r a c k  was p r o v i d e d  
f o r  t h e  m i c r o s c o p e  s o  t h a t  i t  c o u l d  b e  m o t - e d  f r o n !  s p e c i n e n  
t o  s u e c l m e n  q x i c k i g .  

The gege  l e n g t h  o f  t b e x t a n s o m c t e r  v a s  4 i n c h e s  a n d  
t h e  l e v e r  r a t i o  vas 2.0 t o  1. One eiid o f  t h i s  l e v e r  was 
f o r k e d  and f a s t e n e d  by  p i v o t s  t o  t h e  l o w e r  c lamp a t t a c h e d  
t o  t k e  s F e c i m e n ,  f i , q u r e  7 ,  The a x i s  o f  t h i s  p i v o t  T a s s e d  
t h r o u g h  t h e  c e i l t s o i d  c f  t h e  c r o s s  s e c t i o n  o f  t h e  s p e c i m e n .  
(The  F i n  i t s e l f  d i d  a c t  go t h r n u g h  t h e  sgoc ime i i . )  Thus  
t h e  s t r a i n  measu red  Sy t h i s  i n s t r u m e n t  was t h e  a v e r a g e  
s t r a i n  i n  t h e  spec imcn  and  i t  was n o t  n e c e s s a r y  t o  a v e r a g c  
t h o  r o s u l t s  o f  t w o  i n s t r u m e n t s  f a s t o n e d  t o  o p s o s i t e  s i d e s  
o f  t h e  s p ~ c i m e n .  The  f u l c r u m  o f  t h e  l e v e r  was p i v o t e d  t o  
a r o d  IrT?io;e o t h e r  e:;d was f a s t e n e d  t o  t h e  u p p e r  clsnnp on 
t h 3  s p e c i x e n .  A s p r i n g  c l i p  G :  f i g u r e  7, was u s e d  t o  a t -  
t a c h  t h i s  r o d  t o  t h e  u p p e r  clilmp s o  t h a t  t h e  e x t e n s o m e t e r  
c 3 u l d  b e  l e f t  on t h e  spocimen d u r i n g  f r a c t u r e ,  i f  i i eces -  
s a r y ,  w i t h o u t  damage t o  t h s  i n s t r u m e n t .  

E a c h  i n s t r u m e n t  W B S  c a l i b r a t e d  a g a i n s t  8 n i c r o m e t o r  
s c r e w  b e f o r e  u s e .  F l a t  c lamps  w a r e  u s e d  t o  a t t a c h  t h e  
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e ~ ? : ~ n s o n e t ~ r s  t o  t i l e  s p e c i m e n s  i n s t e a d  o f  p o i n t e d  s c r e w s  
b c c ~ u s c .  c r c c p  o f  t h c  m a t e r i a l  migh t  c a u s c  s c r e w s  t o  s i n k  
i n t o  t k e  s p e c i m e n ,  t h u s  c a u s i n g  e a r l y  f r a c t u r e .  The d i s -  
t a n c 5  be tween  t h e  c e n t e r s  of  t h e  f l a t  c l a m p s  wris  c o n s i d -  
e r e d  t o  b e  t h e  erzge l e n g t h  o f  t k e  e x t e n s o n e t e r .  A u n i f o r n  
G3P;e l e n g t h  f o r  e e c h  spp,cj  men was P . ;sent i a1 f c r  n c c u r n t  e 
c o m p ~ . r i s o n  o f  t e s t s ,  T h i s  u n i f o r m i t y  was o b t s i n e d  by u . s ing  
' I d e n t i c a l  e x t e n s o m e t e r s  and. a j i g  t o  aE3emble  t h e  e x t e n -  
s c a e t e r s  t o  t h e  spec l : len ,  figure 8 ,  

T e n  s p e c i n e n s  m i l l e d  ::s shown i;i f i g n r e  13 were  t e s t -  
e d  a t  v 3 r i o u s  s t r e s s c s  r a n g i n g  r^ro:n ;400 t o  3700 p o u n d s  
p e r  s q u a r e  i n c h ,  The p r o c e d u r e  i n  s t c r t i n g  t h e  t e s t s  
w a s  a s  f o l l o w s :  

The w e i g h t s ,  w e i g h i n g  f r o i n  7 5  t o  150 p o u n d s ,  were  
f i r s t  s u F p o r t e d  on ? l a n k s ,  b l o c k e d  up i n  s u c h  a !,rag t h a t  
th .ey could.  be  u sed  a s  l e v e r s  t o  3.over t h e  w e i g h t s  q u i c k -  

B e f o r e  l o w e r i n 5  t h e  Y?ieight.s, t h e  j . n i 5 i a l  e x t e u s o m e t e r  
r e a d i n g s  were o b t a i n e t !  wj -?h t h e  t r a v e i i n g  zi C ~ O S C C F ~  (. 

Then t h e  ?:eight  was l o w e r e d  on t h e  s3ecii : ien,  t h e  e x t e n -  
s o m e t e r  was i m m e d i a t e l y  rea& s q n i n ,  and t h e  t i rne  was 
r e c o r d e d ,  The d i f f e r e n c e  b e t w e e n  t h e  s t ra in .  cornyuted f r o m  
t h e s e  two s e t s  o f  r e x d i n g s  ::.as t k e  e l a . s t i c  s t r a f n .  Any 
F u r t h e r  i n c r e a s e  i n  s t r a i n  was t h e  r e s u l t  o f  C r e e ? .  i i ead -  
i r igs  o f  s t r a i n  a n d  t i m e  weye t a k e n  a t  i n t e r v a l s  o f  t i m e ,  
v h i c k  f o r  t h e  h i g h - s t r e s s  t e s t s  were  f r o m  2- t o  3.2-hour 
i . n t e r v a l s  until f r a c t u r e .  L o w - s t r e s s  s p e c i s e n s  v e r e  read.. 
a b o u t  e v e r y  t w o  d n y s  f o r  a m c , n t f i ;  t h e n  e v e r y  cne  t o  t w o  
'weeks 

1.y b u t  g e n t l y  u i l t i l .  t h e y  v e r e  s u p p o r t e d  b y  t h e  specimen. *.  

d 

5 .  2 ' ract .nre  Undar  Lon?-Cont inued  C o n s t a n t  Load  

This test was a n J c r t a k e n  t o  c?e t .c rn ine  t h e  t t z c  r -  - 
g-cirer?  t 3  c a u s a  P r a o t u r e  as a r a s u l t  0 :  c r e e p  under a 
t e n s i o r ,  l o a d  n a i n t a i n e d  a t  it c o n s t a n t  i? ~ l u e  t h r o u g h o u t  
t h e  t e s t .  The s p e c i n e n s  a s c a  v e r e  t u r n e d  c n  a l a t h e  t o  
t h e  d i n e n s i o - s  shown i l l  f i g u r e  2 c .  'l'he a p p a r a t a s  f o r  t h e  
t e s t s  c o n s i s t e d  g f  a s t e e l  r a c k  f r o m  which  t h e  sgeci!neEs 
were  suspeiie-ed ai.6 l o z d e d  i n  t e n s j . o n  b y  h a n - y i n g  s u f f i c i e n t  
lae ight  f r o n  t h e  s'peci:.ien t o  p r o a u c e  t h e  d e s i r e d  s t r e s o .  
This w e i g h t  reaaintd h a n g i n g  on t h e  spec imen  u n t i l  t h e  
spec i r i en  b r Q k e ,  at which  t i m e  t h e  frzl1.ing o f  t h e  tFrei$lt 
woLld r e l e a s e  a c z t c h  t o  s t o p  a c l c c k  a n d  t h u s  r e c o r d  t h e  
t i m e  o f  f r a c t u r e .  
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6 .  Impac t  

An O l s e n  25 - inch -pounds  i m p a c t  t e s t i n g  raac5ine was 
u ~ e d  f o r  t h e s e  t e s t s ,  I t  v a s  e q u i p n e d  f o r  e i t h e r  I z o d  
o r  C h a r p y  t y p e  o f  t e s t .  Spec imens  f o r  t h e s e  t e s t s  ( f i g s .  
IC  and. I d )  were  ruachined f r o m  two d i f f e r e n t  s h e e t s  of 
E a t a r i a l ,  w i t h  $ h e  a x e s  of  t h e  s p e c i m e n s  p c b r a l l e l  t o  t h e  
% i n c h  d i n e n s i o n  o f  t h e  s h e e t .  F o u r  I z o d  s p e c l u e n s  wcre 
c u t  f r o m  e a c h  s h c o t  with t h e  n o t c h  p a r a l l e l  t o  t h e  s u r -  
f a c e  o f  t h e  s h s e t ,  a n 2  f o u r  s p e c i m e n s  wi.th t h e  n o t c h  p e r -  
p e n d i c u l a r  t o  t h o  surI 'acc o f  t h o  s h e e t .  L i k e w i s e ,  f o u r  
Charpy  s p e c i m e n s  were  c u t  f r o m  e a c h  s h e e t  w i t h  n o t c h  p a r -  
a l l 3 1  t o  t h e  s u r f a c e  o f  t h e  s h c e t ,  a n 2  t h r e e  s p c c i n d n s  
w i t h  n o t c h  p e r p s n d i c u l a r  t o  thi :  s h e e t .  A l l  s p e c i m e n s  
were  p r e p a r e d  a t  t h a  Barns t i m e  .znd t e s t e d  a t  t h e  same t i m e  
u n d e r  t h e  u s u a l  prooecture.  The e n e r g y  a b s o r b e d  by t h e  
s p e c i m e n  d u r i n g  t h e  t o s t  was n e a s u r e d .  

7 .  F a t i g u e  T e s t s  

(a) Bend--.- ?aaf;igue t e s t s  i n  b e n d i n g  were  c o n d u c t e d  
on f i x e d - c a n t i l e ' e r ,  c o n s t a n t - a m p l i t u d e  f a t i g u e  m a c h i n e s .  
In this t y p e  of machine  ( f i g .  9 )  tEre spec imen  A was r e -  
p e a t e d l y  b e n t  back  a n d  f o r t h  a s  a c a n t i l e v e r  beam by t h e  
v a . r i a b l e  e c c e n t r i c  €3. Both  h o r i z o n t a l  and  v e r t i c a l  ad-  
j u s t n e n t  of t h e  r e l a t i v e  p o s i t i o n  of  t h e  s p i n d l e  o f  t h e  
mach ine  a n d  t h e  s p e c i m e n  v i s e  v a s  p r o v i d e ? .  t o  a l l o w  a v a r i -  
e t y  of d i f f e r e n t  t e s t s .  The m a c h i n e s  were  e q u i p p e d  w i t h  
a V - b c l t  d r i v e  t o  p r o v i d e  v a r i a b l e  spcod  a s  shoivn i'n f i g -  
u r e  9 .  

Tho p r o c e d u r e  used i n  c o n d u c t i n g  t h o s c  t e s t s  i s  de-  
s c r i b e d  i n  t h c  A . S . T . M .  T e n t a t i v e  S t s n d a r d  f o r  R e p e a t e d  
F l e x u r a l  S t r e s s  ( F a t i g u e )  T e s t  o f  P l a s t i c s c *  I n  a l l  c a s e s  
t h e  s t r e s s  i n  t h e  spec imen  (fig. 3a), v a s  computed f r o m  
t h e  e q - u a t i o n  0 = The b e n d i n g  moncnt v a s  o b t a i n e d  

* A . S . T . M .  d e s i g n a t i o n :  2671 - 4272, " k . S . T . 1 1 .  S t a n f i a r d s ,  
I n c l u d i n g  T e n t a t i v e  S t a n d a r d s : ' P a r t  111, 1 9 4 2 ,  p .  1 2 5 1 .  
T h i s  method was p r s p n r e d  by t h e  k . S . T . 1 4 .  s e c t i o n  On 
F a t i g u e  s n d  R e p e a t e d  I n p a c t  T e s t s  o f  P l a s t i c s ,  o f  which  
t h e  a u t h o r  w a s  c h a i r m a n .  "be method was b a s e d  on e x p e r i -  
e n c e  g a i n e d  l a r g e l y  C u r i n g  t h e  c o n d u c t  of  t h e  t e s t s  r e -  
p o r t e d  i n  t h i s  p a p e r  a n d  p r e v i o u s  work by t h e  a u t h o r  or, 
c e l l u l o s e  a c e t a t e .  

-- I 
I ____- __ __-___-.-.- --- 
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f r o n  a c a l - i b r a t e d  dynamorncter - C ,  a n d  t h e  number o f  c y -  
c l a s  t o  w?iich t h e  spec imen was s u b j e c t e d  was r e c o r d e d  b y  
a c o u n t e r  D .  Y o r  e a c h  s p c c i m e n  p l a c e d  i n  t h e  machine  
t h o  s t r e s s  c o r r e s n o n d ; n g  t o  t h e  d e f l e c t i o n  o f  t h e  s F e c i -  
m ~ l i  d u r i n g  t h o  t c s t  v a s  c a l c u l a t e d  f ron :  t h e  bgi id ing  mo- 
n o n t  c c s s u r c d  whils t h e  mr,chine *rras a t  r e s t ,  T h e  number 
c f  c y c ? e s  f o r  f r . a . c tu re  was a l s o  o b t a i n e d .  T h a s c  d a t x  
w~31-e t h a n  ? l o t t e d  w i k h  s t r e s s  a s  o r d i n a t 3  Lnd n'ilmber o f  
c y c l e s  as abscisca, u s i n g  s c m i i o g  p i o t t i n q .  

( b )  T o r s i o n , -  The machine  u s e d  f o r  t o r s i c n  f a t i g u e  
L .  b e s t s  vzLs o f  t h e  c o n s t a n t - a n p l i t u % e  t y p e  and was con-  
s t r u c t e d  f r o m  c'l mach ine  o f  t h e  b e n d i n g  t y p o  by  t h e  add!.- 
tion of c e r t a i n  pcrtss 2 s  ohowE i n  f i g n r e  10. A2 ~ r m  k 
~ n s  a t t a c h e d  t o  t h e  bandLng- tyge  rcachine s o  2.6 t G  :up;?Ort 
t h e  f l x e d  end  o f  t h e  t o r s i o n  s p c c i n a n  B a n d  t.hc hynarnam- 
e t e r  C v i t h  :',ts d ia .1  D. F o r  t h e  t o r s i o n  t e s t s ,  t b e  s p e c -  
imen 3 was f r s t c n s d  ~t 3.2 m g l e  t o  thi2 : .ever ~ r x  E A t -  
t ncbed  t o  t h e  connect!..lg r o d  F, With  t h o  c h o i c a  o f  t h e  
p r o y G r  angle t h e  b e n d i n g  mcincnt rzt t h e  min5.Yiu.?l s ~ c t i 9 u  
o f  t b e  s p e c i m e n  c o u l d  b c  isslde z e r o ,  S O  that :;he .;nly 3i.g- 
r , i f i c n i i t  s t x ' e s s  :it ,the ;;inimuin s e c t i o n  was rL t o n i c n  
L t r e a s .  T h e r e  was a s l i g h t  h o r i z o c t a l -  she.~?,r  s t r o s s  which 
\rlEs n e g l i g i b l e  c o n p a r e d  t o  t h e  s t r e s s o e  resulsing fron 
:;crsiun. T h e  c o n L e c f i n g  r o d  F ,.JP.S f n s t e c e d .  t o  t h o  l e v c r  
aym 3 t h r o u g h  a universal j o i n t  ' t c  a l l c F ;  f r c 6 d . 0 1 ~ 1  o f  m o t i o n .  
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t i Z u e  t e s t i n g  n a c i i i n e s  were a s  shown i n  f i e u r e  11. The 
s ? ? ~ c i r c e n  A was h e l d  i n  t h e  end o f  t h e  s p l n d . l e  B by means 
o f  c. s p l i t  c o l l e t .  An e x t e n s i o n  s h s f t  C was f a s t e n e d  t o  
t h e  o t h e r  e n d  o f  t h e  spec imen b y  means o T  a c o l l e t  ma-  
c h i n e d  I n t e g r a l  w i t h  t h e  s h a f t .  A load w a s  a p p l i e d  t o  
th:, end  o f  t h i s  shaft through a small b a l l  b s a r i n g . ,  
beam a n d  p o i s e  D vas u s e d  t o  a n p l y  t h i s  l o a d .  The e n t i r e  
s h a f t  aasomblty WZLS r o t a t e 6  bg a m o t o r  t h r o u g h  a . b e l t .  
c o u n t e r  E was a t t a c h e d  t o  r e c o r d  t h e  namber o f  c y c l e s ,  a n d  
a m i c r o s w i t c h  was u s e d  $ 0  s t o p  t h e  n ~ a c h i n e  when a c r a c k  
h a d  fo rmed  i n  t h o  spec i rncn .  S t r e s s  a t  t h o  minimum s e c t i o n  
vas computed  P r o m  t h e  e q u a t i o n  0 = - ",c i n  wh ich  14 was 
o b t a i n e d  f r o n  t h e  l o a d  aripliec?. t h r o u g h  t h d  p o i s e .  N s c h i n s s  
o f  t h i s  t g p e  were f o u n d  t o  o f f e r  S G ~ C  d i f f i c u l t y  due  t o  
v i b r a t i o n  v i t h  nonhopoF;oneous mator ia l  s u c h  a s  p h e n o l i c  
m o l d i n g  n a t c r i a l  

1 

i n  f i g u r e s  l ? B , Z , C  a r e  slrtoim t h e  s t r e s s - s t Y R i n  c u r v e s  
f o r  t e n s i o n  t e s t s  o f  t h e  p i i e n o l i c  m o l d i n g  m a t e r i a l .  T i g -  
w e  13 shows t h e  s t r s i n - t i m a  c u r v e  c o r r e s p o n d i n g  t o  t h o  
s t r e s s - s t r a i n  cur\-e o f  figure 12C. Frorr, tL:._ose c u r v e s  tk=a 
fo1 lo : r ing  q u a n t i t  i c s  v c r e  ~ ~ o a s u r e d :  y i e l d  C t r c n g t h  a t  
0 .05  p o r c e n t  o f f s e t ,  i i l t i m a t e  s t r e n g t h ,  u l t i n a t e  s t r 2 i n ,  
c lodulus  of  e l a s t i c i t y ,  p.nd r f i t e  o f  s t r a i n .  ( S e e  b n p s n d i x  
'r^ 0- r d o f i n i t i o n  o f  t h o  t e r m s  u s e d  i n  t h i s  r c 2 o r t . j  The 
v a l u e s  o b t s i n e d  T o r  t h e s e  q u a n t i t i e s  r r e  t a b u l a t e 6  i n  
t a b l e  I f o r  t h e  f i v e  spec imens  t c s t c d .  

The -tvoras;i: rr.odulus o f  e 1 : i s t i c i t y  ( s l o p e  3f  t h e  i n i -  
t i a l  p o r t i o 1 1  o f  t h o  c u r v z )  wi?s 9 8 1 , 0 0 0  pounds  p e r  s q u a r e  
i n c h  f o r  t h e  f i v o  s p e c i m e n s .  The a v o r n g o  y i e l d  s t r e n g t h  
f o r  0.C5 p e r c e n t  o f f s u t  f r o n  t h o  i n i t i a l  tangon' ;  l i n i :  was 
4 0 1 0  p o u n d s  -par s q u a r e  i n c h .  An o f f s c t  o f  0 .05  p e r c a n t  
was c h o s e n  b e c a u s e  s p e c i m s n s  o c c a s i o n a l l y  . f r a c t u r e d  b e f o r e  
a n y  l n r g o r  o f f s c t  W ~ S  rc - tchod.  The u .1 t ima ta  s t r c n g t h  was 
o n l y  s l i g h t l y  h i g h e r ,  4551) poands  pr?r s q u n r s  i n c h ,  and t h e  
czvcrnge u l t i m W * , e  s t r s i n  (et f r a c t u r e )  W,SLS 0 .00543 i n c h  
p e r  i n c h .  The civornec r a t e  o f  s t r a i n  was 0,0014 i n c h  p e r  
i n c h  p e r  m i n u t e  ( n o  l o a d  kesd  :+peed o f  0 .040  i n .  p a r  n i n . ) .  
The r a t e  o f  s t , r a i n  wr.s o 5 t a i n s d  t i s  t h e  s l o p e  of t h e  s t r a i n -  
t i n i e  c u r v e  i n  t h e  r e g i o n  j u s t  b e f o r e  t h e  s t r a i n  f o r  wh ich  
s t r n i n  was no  1-onger p r o y o r t i o n n l  t o  s t r e s s ,  th3-t  i s ,  t h e  
s l o p e  o f  t h e  dirtgon0.i l i n e  i n  f i g u r e  13.  



1 2  

- In f i g u r e s  1 4 A , > , C , O  a r c  shov-n t h e  s t r e s s - s t r s i n  c u r v e s  
l o r  c o L : p r e s e i o n  t e s t s  o f  specimer.s  showi  i n  f i g a r e  2s. 
Syecinicns 2 i n c h e s  ii? l e n g t h  were u s e d  f o r  t h e s e  tss:s t o  
m z r r n l t  t h a  cst' o f  a c c m p r e ~ s c m e t e r  h a v i n g  a 1 - i n c h  gage 
l e n g t h .  The d a t a  p l o t t c d  i n  f i g c 1 . c  14.- vr3rc t a k o n  w i t h  a 
c o ~ p r c s s o a o t e r  k a v i n :  2- 1 - t o - 3  iF;i.er r a t i o  and a 0 . 0 0 0 1  
Las t -Yord  A i a l .  T h i s  d i a l  C i d  n o t  h a ~ c  s u ' f i c i e n t  t r a v e l  
L O  C Q V P ~  t h e  encj.1-e l'ar,t';o o-f s t r ; L j n S ,  but, i\ras used  t o  ob- 
t a i n  d ? t a  a t  t h e  f o o t  o f  t ? l e  c u r v e  f3r u s e  i n  d e t e r m i n i n g  
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t h e  n c d u l u s  o f  e l a s t i c i t y ,  The d a t a  p l o t t e d  i n  f i g u r e s  
1 4 : ? , C , D  were  o b t a i n e d  w i t h  a s i m i l a r  i n s t r u m e n t  e q u i p p e d  
v i t h  a 0 . 0 0 1  d f a l  6'3 t h a t  e t r a i r  r a a C i n g s  c o u l d  be t a k e n  
t o  f r a c t u r e .  

Tab12 1 1  summsrizcs t h e  d a t a  f r o r  a l l  o f  t h e s o  c u r v 3 s  
tind i n c l u d e s  s v c r a g e  v a l u e s  and a v e r a g e  d e v i a t i o n s  from 
the. mean. The a v e r z g e  ;nodulus o f  e l a s t i c i t y  i n  compres-  
s i o n  was 886,OOG poi:i1c1s ~ ) e r  s q u p r e  i n c h .  I t  was n o t i c e d  
t h a t  t 2 i e re  was a b o u t  t w i c e  t h 3  s ? r c a d  i n  v a l u e s  o f  z o d u l u s  
f o r  t h e  c o m y r e z s i o n  t c s t s  a s  f o r  t h e  t c n s i r r n  t a s t s ,  a n d  
t h a t  t h c r c  i s  j u s t  a s  mxch s p r o a d  b e t w e e n  r e s n l t s  c b t a i n e d  
v i t h  t h e  0,COOl d i a l  cs.s w i t h  t k e  0.301 dial. The a v e r a g e  
v a l u e  a f  modulus o b t r - i n e d  i n  c o m p r e s s i o n  ~ 2 s  a b o u t  1 0  p e r -  
c e n t  l e s s  t h a n  t h e  r,verap;e v a l a c  o b t c i n e d  i n  t e n s i o n .  

The a v e r a g e  v:11uc o f  y i e l d  s t r e n g t h  c?t 0 .05  p e r c e n t  
o f f s e t  was 41.213 p o u i d s  p a r  s q u a r e  i n c h ,  w h i c h  i s  a b o u t  3 
p s r c e n t  h i g h e r  t h a n  t h e  c o r r e s p o n d i n g  v a l u e  i n  t e n s i o n .  
The y i e l d  s t r e n g t h  a t  0 . 2  p e r c e n t  o f f s s t  was. also o b t a i n e d  
f o r  t h s  c o r : p r e s s i a n  L e s t s .  The a v e r a g e  v z l u e  was G O 6 0  
p o u n d s  p e r  s q u z r e  inch. The a v e r a g e  u l t i r r a t e  s t r e n g t h  ob- 
t a i n e d  i n  t h e s e  t e a t s  was 1 3 , 2 0 0  po.unC!s p e r  square i n c h .  
T h i s  v a l u e  was n o t  c o n s i d e r e d  r e p r e s G n t a t i v e  becauss  t h e  
l .en&b.  o f  t h e  s p e c i m e n  was such  a s  t o  p e r m i t  b u c k l i n g  t o  
o c c u r  b e f o r e  f a i l u r e .  T h o r e  was, h o w e v e r ,  n o t  s u f f i c i e n t  
t e n d e n c y  f o r  b u c k l i n g  t o  a f f a c t  t h e  v a l u e s  o f  y i e l d  

- s t r e n g t h  r e p o r t e d  a b o v e .  Because o f  b u c k l i n g ,  a n o t h e r  s e t  
o f  s h o r t o r  q e c i m e n s ,  a s  shown i n  f i g u r e  2 b ,  w z s  t o s t c d .  
Trio r e s u l t s  a r e  t a b u l s , t e d  i n  t a b l e  111. The a v e r a g o  v a l u e  
o f  u l t i l c a t o  s t r e n g t h  f o r  t h a s o  s.pocimens bi?%s 1 8 , 9 6 0  p o u n d s  
p c r  s q u a r e  i n c h ,  wh icb  vas a b o u t - f o u r  t i m o s  t h o  u l t i r n a t c  
s t r e n g t h  i n  t a n s i o n ,  

F i g u r e  15 shows I s c i q l e  s t r n i n - t i a c  c u - v o  w i t h  2, 
d - i a g o n a l  l i n a  drawn t o  i n d i c a t e  t h 2  c l o ~ c I  c o r r e s p o n d i n g  
t o  t h e  e l a s t i c  r e g i o n  o f  t h c  s t r e s s - s t r a i n  c u r v e .  ?he  
came c h a r a c t e r i s t i c s  - r e  obser-,Ved i x  t h i s  c u r v e  R S  i n  t h e  
t e n s i o n  s t r a i n - t i m e  c u r v e ,  f i g u r e  13 .  

F r n c t u r e d  s p e c i r i i ~ n s  o f  b a t h  t h e  l o n g  a n d  t h e  s h o r t  
t y p e  a r e  shown i n  f i g u r e s  3 3 b . c .  The  d i a z o c a l  ? l a n e s  o f  
f a i l u r e  s u g g e s t  t h a t  t h e  f r n c t u r e  r e s n l t e d  froL? a s h e f i r i n g  
s t r e s s .  

F o r  p u r p o s e s  o f  c o n n a r i s o n  t h e  r a t e  o f  str , . ; in w n s  
made a p p r o x i m a t e l y  eq:T.%l i n  t h e  t e n s i o n  a n d  c o ~ p r e s s i o n  
t e s t s .  I t  v a s  0 .0015  i n c h  p e r  i n c h  p e r  m i n u t e  (henL s p e e d  
of 0,0105 i n .  p e r  m i n . )  f o r  t h e  I I long"  c o n p r e s s i o n  t e s t .  
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In t h e  c a s e  OZ t h e  s2;or t  s p e c i m e n s  :he r s t e  o f  s t r n 5 . r  w::s 
d e t d r n i n c d  by c o m p a r i n g  t h e  l o ~ ~ d - t i s e  d a t a ,  t a k e n  f o r  t l i e s e  
t e s t : :  ( n o t  shown): w i t h  lop-d-tirne d a t a  f o r  t h e  “ l o n g ”  s p e c -  
imons .  

I t  . . r i l l  b a  n o t i c e d  t k c t  t h e  h e y d  s p e e d  f o r  t h e  com-  
p r e s s i o n  t c s t s  bias a b o u t  o n e - f o u r t h  t h e  he;,d spoed f o r  t n e  
t e n s l o n  t e s t s ,  3 , l t hough  t h e  r 2 t e  o f  s t r a i n  W R S  t h e  sr?,me 
grid t h e  mr.chino was t p e  same fur b o t h  t e s t s .  T h i s  f i i f fsr-  
e n c e  r c s u l t e d  l a r g e l y  f r o m  t h e  d i f f e r e n c e  i n  shape of  t h e  
spec imen  and  mothod o f  g r - i p p i n g  t h o  s p e c i m e n ,  I t  i s  t h u s  
e v i d e n t  t h z t  c a r e  must be  e x o r c i s e d  i n  t h e  s e l e c t i o n  o f  
t o s t ing - i i i ach ine  s p o e d s  ii r e s u l t s  o f  t e n s i o n  a n d  comyres-  
s i o n  t o s t s  of  p l a s t i c F  are t o  be  c o n p a r a b l o .  T h i s  p r e -  
c a u t i o n  i s ,  o f  c o u r s e ,  n o t  n e c e s s a r y  w i t h  n i a t e r i a l s  f o r  
which  t h e  t e s t  d a t a  a , r c  n o t  a f l c c t a d  by c h a n g e s  i n  r a t e  
o f  s t r a i n .  

3 ,  S t a t i c  T o r s i o n  T e s t s  

I n  f i g u r e  1 6  arc; shown s h e a r i n g  s t r e s s  a g a i n s t  shear- 
i n g  s t r a i n  c u r v e s  a s  c b t n i n e d  f r o m  t o r s i o n  t e s t s  o f  “ s o l i d ”  
s p o c i m e n s  ( f i g .  2 2 )  o f  p l i e n o l i c  m o l d i n g  m s t o r i n l .  T h e  
c u r v e s  f o r  t h e  t o r s i o n  t o s t s  a r e  s i m i l a r  t o  t h o s e  f o r  t h e  
t e n s i o n  t e s t s  i n  t h a t  f r a c t u r e  o c c u r r e d  a f t e r  a r e l a t i v o l y  
small  amount o f  s t r a i n .  The l a s t  two c u r v e s  s h o w  a s t r a i g h t -  
l i n o  s t r e s s - s t r a i n  r e l a t i o n  u p  t o  about .  20C0 pounds  .per  
s q u a r e  i n c h ;  w h e r e a s ,  t h e  f i r s t  c u r v e  i n  f i g u r e  3.6 i n d i c a t e s  
sone  d e v i a t i o n  f r o m  l i n s a r i t y  a t  t h e  l o w e r  r e g i o n .  This 
was a t t r i B u t e d  t o  t h o  f a c t  t h a t  ii. s ~ a c i a ~  r i n g  u s e d  i .n  s e t -  
t i n z  up t h o  d o t r u s i o n  gage was a c c i d e n t a l l y  l e f t  o n ,  c c u s -  
i n g  s l i g h t  f r i c t i o n .  F r o 2  t h e s c  C U T V C S  v a l u e s  o f  n o d u l u s  
of  e l a s t i c i t y  i n  s h e a r ,  y i ~ l d  s t r e n g t h  a t  0 . ~ 6 5  p e r c e n t  a n d  
0.2 p e r c e n t  o f f s L J t ,  acd t o r s i o n a l  modulus  o f  r u p t u r e  were  
o b t a i n o d .  T h e s e  v a l u c s  a r e  t a b u ] - a t s d  i n  t a b l e  IV. T b 3  
a v o r z g c  v a l u e  o f  y i e l d  s t r e r , g t h  at; 0.05 p o r c e n t  o f f s e t  was 
2550 pounds  p s r  s q u a r e  i n c h . .  T h i s  vas a b o u t  53 p e r c e n t  o f  
t h e  y i e l d  s t r e n g t h  a t  0.95 p e r c e n t  o f f s o t  i n  t o c s i o n  a n d  
c o m p r e s s i o n ,  The a v e r a g e  y i e l d  s t r e n g t h  a t  0 - 2  p e r c e n t  
o f f s e t  via3 3 2 9 0  p o u n d s  p e r  s q u a r e  i n c h ,  w h i c h  was a b o u t  
t h e  same 3 e r c e n t a g e  i n c r e a s e  ~ v e r  t h e  0.05 p ’3 rcen t  o f f s e t  
as o b s e r v e d  f o r  t h e  c o m y r e s s i o n  t e s t s .  The a v e r a g e  modu- 
l u s  o f  r u p t u r e  vas o n l y  s l i g h t 1 7  h i g h e r  t h a n  t h e  y i e l d  
s t r e n g t h  f o r  0 . 3  p e r c e n t  o f f s e t  a n d  was 3336 pounds  3 e r  
s q u a r e  i n c h .  The u l t i n i a t e  s t r a i n  w a s  a b o u t  t h e e  t i a e s  
t h e  u l t i m a t e  s t r a i n  i n -  t e n s i o n  2nd a b o u t  o n e - t h i r d  t h e  u l -  
t i m a t e  s t r a i n  i n  co rnpres s ion .  The a v e r a g e  modulus o f  e l a s - ’  
t i c i t y  i n  s h e a r  was 234 ,000  pov.r.dE p e r  s q u a r e  i n c h ,  wh ich  

I 
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i s  25 percL2nt o f  t h e  a v e r a g e  o f  t e n s i o n  z n d  c o m p r e s s i o n  
Sobulu::. !?he s h e a r  r a t e  of  s t r a i n  a s  shoirn i n  t a b 1 2  I V  
was o b t a i n e d  f r o n  s t r s i n - t i m e  cvLrvss  s u c h  as  t h o  c u r v e s  
s l iovn i n  2 i g u r e  1 7 .  I t  ;fill b e  n o t i c e d  t h a t  t h e  s h e a r i n g  
c t r a i n - t i n e  c u r v e  d o e s  no t  shorr t h e  ; ~ r s t  "6t : iga"  o b s e r v e d  
f n  t l i c  t 3 E s i o n  a n d  c o m p r e s s i o n  t e s t s ;  t h n t  i s ,  t h e r e  v a s  
no p e r i o d  o f  a d j u s t m e n t  r e q u i r d d  f o r  t h e  d c t r u s i o n  gage t o  
overcome f r i c t i o a  l a g  a8 vas t h e  c a s e  v i t h  t h e  ex tensom-  
e t e r  a n d  c o n p r s s s o e c t e r .  T h i s  -:.a: t r u e  b e c a u s e  o f  t h e  
c o n s t r u c t i o n  o f  t h e  i u s t r a m e n t  .:l?ich i n v o l v e d  no f r i c t i o n -  
:il load on t h e  m e a s u r i n g  a rms .  

I .  

The r n t e  o f  s t r a i n  i n  t e n s i o n  wnlch  o c c i i r r e d  d u r i n g  
t h e  t o r s i o n  t e s t  was obta inec!  f r c m  C.he known r e l a t i o n s h i p  
that; t h e  maxinum t e n s i l e  s t r e s s  e q u a l s  t h e  maximin s h e a r -  
i n g  s t r e s s  i n  a c i r c x l a r  member s u b j e c t e d  t o  t o r s i o n .  
From t h i s  f a c t  'she r e ? L a t i o : i s % i p  be tween  t h e  r a t e  o f  s t r a i n  
i n  t e n s i o n  a n d  t h e  r a t e  o f  s t r a i n  i n  skiear was computed. 
f r o x  t h e  formula - -  e = - Y - 0 iq:11er e - E i s  t 2 i e  t e n s i l e  r a t e  

'y t t E 9  t G 
o f  s t r s i n ;  - i s  t h e  s h e a r i n g  r a t e  o f  s t r a i n ;  a n d  t h e  

r a t i o  o f  s h e a r i n g  moda1v.s t o  % e n s i l e  ~ 0 6 l i l i ~ S .  It, w i l l  b e  
n o t i c e d  t h a t  t h e  t e n s i l e  r a t e  o f  s t r a i n  i n  t h e  t o r s i o n  
t e s t s  was a y F r o x i m a t e 2 y  eqm.1  t o  t h e  t e n s i l a  r a t e  o f  s t r a i n  
i n  b o t h  t h o  t e n s i o n  t e s t  and. t h e  co rnpres s ion  t e s t .  T h i s  
';:'as p u r p o s e l y  done  i n  o r d e r  t h n t  t h e  t h r e e  t e s t s  ~ : o u l d  b e  
on a compara' l i lc b a s i s .  I t  was n e c e s s a r y  t o  ~ s e  t h e  same 
r a t e  o f  E t r a i n  f o r  c o n p a r a t i e e  p r p o s o s  b e c a u s e  f t  vas 
known t h a t  t h o  rate of  s t r a i n  a f r ' e c t e i !  t h e  v a l u e s  o f  y i o l b  
s t r e n g t h ,  u l t i m a t a  s t r e n g t l i ,  n o d u l u s  o f  r u p t u r e ,  a n d  s o  
f o r t h .  ( S e e  f i g s .  19, 1 9 ,  and  t h o  n e x t  p a r a + ; r a p h . )  

t 

<.. E f f e c t  o f  S p o e d  o f  T e s t i n g  on t h e  R e s u l t s  
Obtct ined f rom t h e  T o r s i o n  T e s t  

m r ~ r ~ i o r -  t i :sts  w 3 r o  p e r f o r x e d  a t  s e v o r a l  s p e a d s  o f  t o s t -  
i n g  t o  s t u d y  t h s  e f f e c t  o f  s p c o d  o f  t c ; s t i n g  on thi; p r o p e r -  
t i e s  incasurod  i n  t h e  t o r s i o n  t 3 s Z ; s .  D u r i n g  t h o s o  tests, 
r o s d i n g s  of t c r q u c ,  a n g l e  of tw i s t ,  a n 2  t i r n o  wori! t a k e n .  
sroa t l :ese  d a t a  t h e  sheering s t i s s s  a n d  s h e a r i n g  s t r a i n  
'"ere co?zputed. Thc s h c a r i n g  s t r e s s  was ? l o t t i ? d  a g a i n s t  
s ' n c a r i n g  s t r a i n  i n  f i ;gure  1 8  f o r  t i . s t s  o f  " s o l i d "  s .pcc incns  
at r a t e s  03 s t r a i n  f r o r ~  O.Oc)O4  t o  6 . 0 2 9  i n c h  p e r  i n c h  p a r  
m i n u t e .  T h e  shearing rata o f  s t r a i n  w a s  o b t a i n e d  i n  t h e  
same m~.c~fini?r a s  d e s c r i b e 6  a b o v e  ,, 

I t  was o b s e r v e d  t h a t  t ho  s t r c s s - s t r a i n  d i a g a n  d o v i -  
a t c d  f r o m  a s t r a i g h t - l i n e  r z l a t i o n s h i p  a t  a l o v e r  v a l u c  o f  
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: ‘cress  f o r  t h e  s l o w  r a t e s  o f  s t r a i n  t h a n  f o r  t h o  h i g h  r a t e s  
o f  s t r a i n ,  This d e v i a t i o n  was p r o b a b l y  the e f f e c t  o f  c r e e p  
t a k i n g  p l a c e  a t  t h e  l c w e r  r a t e s  o f  s t r a i n .  

I n  o r d e r  t o  o b t a i n  a b e t t s r  p i c t u r e  o f  t h e  e f f e c t  o f  
c h a n g i n g  t h e  r a t e  o f  s t r a i n  on t h e  r e s u l t s  o f  t h e  t o r s i o n  
t e s t s ,  t h e  s h e a r i n g  y i e l d  . s t r e n g t h  a t  0.05 p e r c e n t  o f f s e t  
was o b t a i n e d  f o r  e s c h  o f  t h e  c u r v e s  shown i n  figure 1 8 .  
(The  a v . x i l i a r p  l i n e  r e p r e s e n t s  a n  offset o f  0.05 p e r c e n t . )  
The s h e a r i n g  y i e l d  s t r e n g t h  was p l o t t e c ?  a g a i n s t  t h e  s h e a r -  
i n g  r a t e  o f  s t r a i n  i n  f i g u r e  19, The  d a t a  r e p o r t e d  f o r  
t h e  t o r s i s n  t e s t s  i n  t a b l e  IV were  a l e o  p l o t t e d  on  t h i s  
diagTam, I t  was c b s e r v e d  t h a t  t h e  sk ioa r ing  y i e l d  s t r e n g t h  
i n c r e a s e d  rapic1l.y. w i t h .  i n c r e a s e  of  . ? a t e  o f  s t r a i n  a t  r e l a -  
t i v e l y  l o v  r a t e s  o f  s t r a i n .  Above a r a t e  o f  s t r a i n  o f  
a b c u t  0.01 :n.ch p e r  i n c h  p-3r m i n u t e  t h e  s h e a r i n g  y i e l d .  
s t r e n g t h  was r e l a t i v e l y  l i t t l e  a f f e c t e d  ‘b;r f u r t h e r  i n c r e a s e  
i n  r a t e  o f  s t r a i n i  T h i s  e f f e c t  o f  r a t e  o f  s t r a i n  was sim- 
i l a r  i n  t r e n d ,  b u t  n o t  i n  d o g r o e ,  t o  t h e  e o f e c t  o f  r z t e  o f  
s t r a i n  on t h e  ti3risj.011 t e s t  cf ce1I:ulose 3 . c e t a t e  ( r e f e r -  
e n c e  71.  

T e s t s  were a ls tp  p e r f o r n c d  on h o l l o w  boc-sion s p e c i m e n s  
( f i g , ,  2f). The s h e a r i n g  s t r e s s  o b t a i n e d  f rom t e s t s  o f  t h e  
h o l l o ~ i  s p e c i ~ e n s  v:as p l o t f e e !  a g a i n s t  s h e a r i n g  s t r a i n  Ir 
. , igurs  18,, Theso  t e s t s  wsre  u n d e r t a k e n  i n  a n  a t t e m p t  t o  
c e r r e l a t e  t h e  r e s u l t s  o f  t h e  t o r s i c n  t e s t s  w i t h  t h e  results 
o f  t h e  t e n s i o r ,  t e s t s  o f  t h e  same m a t e r i a l .  - I t  was e x ? c c t e d  
t h a t  +,he bo:! o w  t o r s i o n  t e s t  w o u l d  c J r r e l a t o  muck t e t t e r  
t h a n  t h e  s o l i d  t o r s i a n  t r l s t ,  b e c a u s e  t h e  e q u e t i o n  

T C  T z -  
J 

w o u l d  y i e l d  a. nJro:eccuratc v a l u e  o f  s t r e s s  i n  % h c  c a r ?  ef 
t h e  hollow spec imen  t h a n  i n  t n e  C R S S  o f  t h c  s o l i d  s p o c i n e n  
;‘or v a l u e s  o f  s t r e s s  n e a r  f r n c t u r o .  The a v o r a g e  v a l u e  @f  
t h e  maximur?. s t r o s s  o c c u r r i n g  i n  tF-0 h o l l  o v  specirner, w?.s 
a b o u t  2OCO p o u n d s  p e r  s q u s r o  i n c h  o r  a b o u t  o n e - h a l f  o f  t h e  
t e n s i l e  s t r c r g t . 9 .  (.So0 t a b l e  I , !  T h i s  may possibly b e  
due t o  t h e  fact t h8 . t  t k e  f r n c t u r c  s t a r t e d  a t  a > o s i t i o n  cn  
t h c  suTfaco  o f  t h e  s p s c i m o n  which  was o r i g i n z l l j r  r.t 5 h c  i n -  
t c . r i o r  o f  t 5 e  s h e e t ,  A X S O  t h . e  t e n s i l e  s t r e s s  a t  t h e  p o i n t  
0: f i - a c t u r e  b r a 6  3.t a n  a n g l a  t o  t h e  p l a c e  o f  t h e  o r i g i n a l  
Siie.2.t r a t h o r  thRn paral.101 t o  t h e  s h e e t  5ts  i n  t h e  C ~ S O  o f  . 
t k s  t e n s i o n  t e s t ,  s o  t h a t  sOrfle i t . i f f e r e n c e  i u  s t r a n g t h  mighB (L 

b E :  CXpL!Cted.. 
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The c r a c k  p r o g r e s s e d  a l o n g  a h e l i x ,  i n d i c a t i n g  t h a t  
t h e  s i g n i f i c a n t  s t r e s s  c a u s i n g  f r a c t u r e  v a s  p r o b a b l y  a 
t s n s i o n  s t r e s s .  ( s e e  f i g s .  33c1,e.) E l e m e n t a r y  t h e o r y  
shows t h a t  t h e  maximum t e n s i o n  s t r e s s  i n  a member s u b j e c t -  
ed t o  t o r s i o n  i s  e q u a l  t o  t h e  maximum s h e a r i n g  stress, s o  
t h a t  t h e  v a l u e s  of  n;z.ximum s h e a r i n g  s t r e s s  o b t a i n e d  f r o n !  
t h e  t o r s i o n  t e s t  o f  a ho l low sFec imen  s h o u l d  b e  n e a r l y  
e q u a l  t o  t h e  t e n s i l e  s t r e n g t h  o f  t h e  same n a t e r i a l  as ob-  
t a i n e d  i n  a t e n s i o n  t e s t ,  i n s t e a d  of o n e - h a l f  t h e  t e n -  
s i l e  s t r e n g t h .  

The h o l l o w  s p e c i m e n s  were t e s t e d  a t  s e v e r a l  d i f f e r e n t  
r a t e s  of s t r a i n  a,s w e r e  t h e  s o l i d  s-r:ecimens. R e s u l t s  of  
t h e  f o r m e r ,  however ,  do no t  c o r r e l a t e  wel.1 - p r o b a b l y  be- 
c a u s e  of t h e  f a c t  t h a t  t h e  s i z e  o f  t n e  d i s c o n t i n u i t i e s  i n  
t k e  m a t e r i a l  i t s e l f  w e r e  t h e  same o r d e r  of  m a g n i t u d e  a s  
t h e  w a l l  t h i c k n e s s  o f  t h e  ho l low s e c t i o n .  

No m e a s u r a b l e  v a r i r t i o n  i n  s h e a r i n g  modulus of e l a s -  
t i c i t y  w i t n  chan[;e i n  r a t e  of s t r a i n  was o b s e r v e d .  The 
modulus o f  e l a s t i c i t y  i n  s h e a r  a s  o b t a i n e d  f rom t h e  a v e r -  
a g e  s l o p e  of  t h e  c u r v e s  shown i n  f i g u r e  18 was 290,OC)O 
pounds  p e r  s q u a r e  i n c h -  The v a l u e  r e p o r t e d  a b o v e  f o r  t h e  
o t h e r  s e t  of  t e s t s  w a s  234,GOC n o u n d s  p e r  s q u a r e  i n c h ,  
The d i f f e r e n c e  be tween  t h e s e  t w o  v a l u e s  i s  ~ o s s i b l y  due  t o  
t h e  f a c t  t h a t  t h e  s p e c i n e n s  i n  t h e  tvio t e s t s  w e r e  o b t a i n e d  
f r o m  d i f f e r e n t  s h e e t s ,  All specirr .ens  u s e d  f o r  t h e  s o l i d  
t e s t s  shown i n  f i g u r e  1 8  were  o b t a i n e d  f r o m  t h e  same s h e e t .  

5 .  The E f f e c t ;  of I n i t i a l  C o n d i t l o n i n g  on 
t h e  C o m p r e s s i v e  S t r e n g t h  and  t h e  S p e c i f i c  Weight 

T h r e e  g r o u p s  of  25  c o m p r e s s i o n  s p e c i m e n s  e a c h  ( f i g .  2 b )  
were  p r e p s r e d  f rom t h e  same s h e e t  o f  m a t e r i a l .  Each g r o u p  
of  25 was s u b j e c t e d  t o  a d i f f e r e n t  c o n d i t i o n i n g  p r o c e d u r e .  
One g r o u p  ','as immersed i n  w a t e r  f o r  4 8  h o u r s ,  t h e  s e c o n d  
g r o u p  was p l a c e d  i n  a d e s i c c a t o r  o v e r  a .nhpdrous c a l c i u m  
c h l o r i d e ,  a n d  t h e  t h i r d  e r o u p  was p l a c e d  i n  a n  o v e n  a t  a 
t e m p e r a t u r e  o f  1220 F f o r  48 h o u r s ,  t h e n  removed t o  a 
c a l c i u m - c h l o r i d e  d e s i c c a t o r  f o r  2 4  h o u r s ,  I m m e d i a t e l y  af- 
t e r  t h e  s p e c i f i e d  c o n d i t i o n i n g  t i m e ,  a l l  of t h e s e  s p e c i -  
mens w e r e  p l a c e d  i n  a r o o m  n l a i n t a i n e d  a t  a c o n s t a n t  tem- 
p e r a t u r e  o f  7 7 O  F 2nd c o n s t a n t  r e l a t i v e  i i u m i d i t y  of 5 0  p e r -  
c e n t  f o r  t h e  d u r a t i o n  of t h e  t e s t s .  T w o  spec imer , s  f rom 

t e a c h  g r o u ?  w e r e  s e t  a s i d e  a s  c o n t r o l  s p e c i m e n s  ~ n d  w e r e  
we ighed  a n d  measu red  a t  i n t e r v a l s  of t i m e .  I m m e d i a t e l y  
a f t e r  t h e  s p e c i m e n s  w e r e  removed f r o m  t h e  c o n d i t i o n i n g  
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medium, one  of e a c h  g r o u p  W P S  t e s t e d  i n  c o m p r e s s i o n  a n d  
t h e  u l t i m a t e  s t r e n g t h  r e c o r d e d .  Spec imens  f r o m  ea.ch g r o u n  
w e r e  t h e n  t e s t e d  a t  s u c c e z d i n g  i n t e r v a l s  of t i m e  t h e r e -  
a f t e r  f c r  a p e r i o d  o f  a b o u t  8090 h o u r s ,  TLe c o n t r o l  
s n e c i m e n s  w e r e  weighed. a n d  m e a s u r e d  at t h e  same t i m e  t h a t  
c o m p r e s s i o n  t e s t s  w e r e  p e r f o r m e d .  

T h i s  s t u d y  was u n d e r t a k e n  i n  o r d e r  t o  o b t a i n  a quan- 
t i t a t i v e  knowledge o f  t h e  d u r a t i o n  of t i m e  r e q u i r e d  f o r  
t h e  s t r e n g t h  and  w e i g h t  of p h e n o l i c  molding m a t e r i a l  t o  
come t o  e q u i l i b r i u m  when t h e  s p e c i m e n s  w e r e  m a i n t a i n e d  
c o n t i n u o u s l y  i n  a n  a t K O s p h e r e  of  c o n s t a n t  t e m p e r a t u r e  a n d  
c o n s t a n t  r e l a t i v e  h u m i d i t y .  S u c h  i n f o r m a t i o n  was n e e d e d  
i n  o r d e r  t o  d e t e r m i n e  t h e  c o n d i t i o n i n g  p r o c e d u r e  n e c e s s a r y  
t o  o b t , a i n  r e p r o d u c i b l e  r e s u l t s  f r o m  m e c h a n i c a l  t e s t s  o f  
p l a s t i c s .  

T h e  c h a n g e  i n  s p e c i f i c  w e i g h t  w i t h  t i n e  i s  shown i n  
f i g u r e  20 f o r  t h e  c o n t r o l  s p e c i n e n s  f r o m  e a c h  g r o u p ,  I t  
was o b s e r v e d  t h a t  t h e  s p s c l f i c  w e l g h t  d s c r e a s e d  f o r  s n e c i -  
mens i n i t i a l l y  immersed i n  s j a t e r ;  w h e r e a s  t h e  s p e c i f i c  
v e i g h t  i n c r e a s e d  f o r  specimc.ns i n i t i a l l y  D l a c e d  o v e r  c a l -  
cium c h l o r i d e  and  a l s o  f o r  t h o s e  i n i t i a l l y  h e a t e d .  I t  
wa,s o b s e r v e d  t h a t  a t i m e  o f  a b o u t  1000 h o u r s  (kl d a y s )  was 
r e q u i r e d  t o  r e t u r n  t h e  s p e c i f i c  w e i g h t  a p p r o x i n 9 , t e l y  t a  
i t s  i n i t i a l  v a l u e  ( w i t h i n  5 p e r c e n t  of t h e  c h a n g e  i n  s p e -  
c i f i c  w e i g h t  c a u s e d  b y  immers ion  f o r  48 h r ) .  

A s i m i l a r  s e r i e s  of t e s t s  of  c e l l u l o s e  a c e t a t e  ( r e f e r -  
e n c e  g )  was c a r r i e d  o u t  s i m u i t a n e o u s l y  w i t h  t h i s  s e r i e s  
o f  t e s t s .  The a c e t a t s  was s u b j e c t e d  t o  t:vo d i f f e r e n t  con-  
d i t i o n s  - immers ion  a n d  d r y i n g  o v e r  c a l c i u m  c h l o r i d e .  4- 
c o m p a r i s o n  of t h e  c u r v e s  showing c h a n g e  i n  s p e c i f i c  w e i g h t  
w i t h  tinie shows t h a t  t h e  b e h a v i o r  of t h e  t w o  m a t e r i a l s  v a s  
a l m o s t  i d e n t i c a l  up  t o  a t i m e  o f  1009 h o u r s .  Beyond 1000 
h o u r s  t h e  s p e c i f i c  w e i g h t  of s p e c i m e n s  o f  b o t h  m a t e r i a l s  
w h i c h  w e r e  immersed i n  w a t e r  r e m a i n e d  s u b s t a n t i a l l y  con- 
s t a n t ,  b u t  t h e  s p e c i f i c  w e i g h t  o f  t h e  d r i e d  a c e t a t e  de- 
c r e a s e d  a g a i n  a f t e r  1000 h o u r s  w h i l e  t h e  s q e c i f i c  w e i g h t  
o f  t h e  m o l d i n g  m a t e r i a l  c o n t i n u e d  t o  i n c r e a s e  even  beyond 
t h e  w e i g h t  b e f o r e  d r y i n g .  

The v a r i a t i o n  i n  u l t i m a t e  s t r e n g t h  w i t h  t h e  e l a p s e  o f  
t i m e  a f t e r  c o n d i t i o n i n g  i s  shown i n  f i g u r e  2 1 .  The s t r e n g t h  

with t i n e .  The s t r e n g t h  o f  t h e  h e a t e d  s p e c i m e n s  d e c r e a s e d  
w i t h  t i m e  and  t h e  s t r e n g t h  of  t h 6  d r i e d  s p e c i m e n s  d e c r e a s e d  
w i t h  t i m e ,  M o r e  c o n c l u s i v e  r e s u l t s  might h a v e  b e e n  o b t a i n e d  

o f  t h e  i n i t i a l l y  Wet s p e c i m e n s  w a s  o b s e r v e d  t o  i n c r e R s e  Y, 
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b:; t h e  use o f  a l a r g e r  nutcber o f  s p e c i m e n s  t o  o v e r c o ~ ~ s  
t h e  e f f e c t  o f  t h e  s c z t t e r  o b s e r v e d  i n  t h e  d a t a .  

6 .  S t a t i c  B e n d i n g  T e s t s  ( F l e x u r e )  

F % e x u r e  t e s t s  were  p e r f o r m e d  on s p e c i m e n s  shown i n  
f i g u r e  2 d ,  u s i n g  t h e  machine  shown i n  f i g u r e s  4 and  5 f o r  
z p p l y i n g  t b e ' l o a d .  A f o u r - p s i n t  l e a d i n e  s y s t e m  was e n -  
p l o y e d  by  means o f  ? b s a n - a n d - l i n k a g e  a r r a n g e m e n t  s o  a s  t o  
p r o d u c e  a c o n s t a n t ,  b e n d i n g  monent i n  t h e  c e n t e r  p o r t i o n  o f  
t h e  s p e c i a e n s .  T h e  a v e r a g e  r e s u l t  o f  f i v e  s p e c i m e n s  showed 
a nodulus o f  r u p t - d r e  i n  b e n d i n g  o f  8000 p o u n d s  p e r  s q u a r e  
i n c h .  T h e s e  t e s t s  w e r e  p e r f o r m e d  i n  suck; a way t h ~ t  t h e  
r a t e  of  s t r a i n  o f  t h e  e x t r e m e  f i b e r  was a b o u t  t h e  same L S  

i n  t h e  t e n s i o n  and c o m p r e s s i o n  t e s t  r e p o r t e d  i n  t a b l e s  I 
and I1 - t h a t  i s ,  t k e  r a t e  o f  s t r a i n  was a b o u t  0 . 0 0 1 5  i n c h  
p e r  i n c h  F e r  m i n u t e .  Fhc r a t e  o f  s t r a i n  f o r  t h e  : ) end ing  
t e s t s  was o b t a i n e d  b y  p l o t t i n g  a s t r e s s - t i m e  c u r v e ,  From 
t h i s  c u r v e  a n d  t h e  known v a l u e  o f  rncdulus o f  e l a s t i c f t y  , 
t h e  r a t e  o f  s t r a i n  t'i!s ccmputed .  A s a m p l e  s t r e s s - t i m e  
c u r v e  f o r  t h e  b e n d i n g  t e s t  i s  shown i n  f i g u r e  22. T h a s e  
t e s t s  show t h a t  t h e  modulus  o f  r u p t u r e  i n  f l e x u r e  was 
a b o u t  t w i c e  t h e  s t a t i c  t e n s i l e  s t r e n g t h ,  a n d  a b o u t  two- 
t h l r d s  t h e  s t a t i c  c o m p r e s s i v e  s t r g n g t h .  

7 ,  Impact  T e s t s  

I m p a c t  t e s t s  were  made on s p e c i m e n s  o f  'oJth t h e  
C h a r p y  a n d  I z o d  t y p e  on s p e c i m e n s  ( f i g s .  l c , d )  mach ined  
f r o m  t w o  d i f f e r e n t  s l a b s .  The r e s u l t s  o f  t h e s e  t e s t s  a r e  
t a b u l a t e d  i n  t a b l e  V. Tour  s p e c i n e r ? s  o f  e a c h  t y p e  f r o m  
e a &  slab were  t e s t e d  w i t h  t t e  V.-notch p a r a l l e l  t o  t h e  
molded  s u r f a c e  o f  t h e  s h e e t ,  a n d  f o u r  s p e c i m e n s  o f  t h e  I z o d  
t y p e  a n d  t h r e e  c f  t h e  Charpy  t y p e  were  m a c h i n e d  w t t h  t h e  
V - n o t c h  p e r p e n d i c a l a r  t o  t h e  roo1 Aed s u r f a c e .  The v a l u e s  
c f  e n e r g y  a b s o r b e c l  b y  a n c h  spec lmcn  are g i v e n  i n  cab12 V 
t o g e t h e r  with t h ? .  a v e r a ~ e s  aor? *Uns a v e c a e e  d e v i a t i o n  f rom 
t h e  mean. Be-ry f l k t l e  d i f f c i e n c e  was o b s e r v e d  b2ta:een 
v a l u e s  o b t a i i i e O  I - o m  t h e  t v o  d i f f e r e n t  s h e e t s .  I t  i s  p e r -  
h a p s  w o - t h y  o f  n o t e  t h a t  t h s  d i f f e r e n c e e  b e t w e e n  t e s t s  
v i t h  n o t c h  p c r p e n d f c u l a r  a n d  n o t c h  p a r a l l e l  t o  t h e  o r i g i -  
n a l  s i l r f a c e  a r e  n o t  c o n s i s t e n t  b e t w e e n  t h e  Cherp:r a n d  I z o d  
t p s t s ,  l n d i c a t i n g  t h a t  t h e  i r ? p a c t  s t r e n g t h  of  t h e  m a t e r i a l  
was s u b s t a n t i a l l y  i n d e p e n d e n t  o f  t h e  p o s i t i o n  o f  t h e  n o t c h .  

The a v e r a g e  o f  a l l  t h e  I z o d  t e s t s  w a s  20 .0  i n c h - p o u n d s  
f o r  t h e  9 - i n c h  s p e c i m e n ,  which was a b c i i t  20 p e r c e u t  g r e a t e r  
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t h a n  t h e  a v e r a g e  o f  811 Charpy  t e s t s .  The a v e r a g e  o f  a l l  
Charpy t e s t s  was 1 5 . 6  inch -pounds .  The d i f f e r e n c e  i s  p e r -  
haps ciue t o  t h e  f a c t  t h a t  i n  t h e  I a o d  t e s t s  a n  a p p r e c i a b l e  
amount o f  e n e r g y  w a 8  a b s o r b e d  i n  2 s c r a p i n g  a c t i o n  b e t w e e n  
t h e  s t r i k i n g  edge  of t h e  t u p  a n d  t h e  s p e c i m e n .  

8 .  Creep  T e s t s  

Creep  t e s t s  i n  t e n s i o n  were  p e r f o r m e d  a t  s t r e s s e s  
r a n g i n g  f ro12  1 4 0 0  t o  9700 p s u n d s  p e r  s q u a r e  i n c h ,  u s i n g .  
a p p a r a t u s  2.s shown i n  f i g u r e s  7 a n d  8 .  S t r a i n  r e a d i n g s  
i ' e r e  t a k e n  a t  i i l t e r v a i s  of t i m e  o v e r  a p e r i o d  o f  6 s  mach 
a s  8000 h o u r s  f o r  soiie o f  t h e  t e s t s ,  a d  s h o r t e r  p e r i o d s  
f o r  o t h e r  t e s s s ,  The r e s u l t s  o f  t h e  c r e e p  t e s t s  a r e  shown 
i n  f i g u r e s  23 2nd 24. I n  f i g u r e  23 c r e e p  i n  p e r c e n t  was 
p l o t t e d  a g a i n s t  t h e  e l a p s e d  t i m e  i n  h o u r s  f o r  a t o t a l  o f  
3000 n e u r s .  A s i m i l a r  d i a g r a m  L o r  a. t i n e  o f  8000 h o u r s  i s  
shown i n  f i g u r e  24. C r s e p ,  a s  a s u a l l y  d e f i n e d ,  i s  t h e  t o -  
t a l  change  i n  l e n g t h  ( l & i ~ l u d i n g  c l a s t i c :  s t r e t s h . )  be t :<een  
gage p o i n t s  l o c a t e d  I n  t h e  c y l i n d r i c a l  p c r t i o n  o f  t h e  
spec imen e x p r e s s e d  a s  a p e r c e n t r i g e  o f  t h e  o r i g i n a l  d i s -  
t p n c o  be tween  gage p o i n t s ,  

A r a p i d  r a t e  o f  c r e e p  was o b s e r v e d  d u r i n g  t h e  f i r s t  
i n t e r v a l  o f  t i m e .  D u r i n g  t h i s  p e r i o d  t h e  r a t e  o f  c r e e p  
d e c r e a s e d  a n d  was f o l l o w e d  by a l a n g  p e r i o d  o f  c r e e p  a t  a 
r e l a t i v e l y  u n i f o r m  r a t e ,  T h i s  l a t - t e r  p e r i o d  i s  r e f e r r e d  
t o  h e r o  a s  t h e  " f i r s t  s t a g e "  o f  c r e e p .  The i n i t i a l  p o r -  
t f o n  of d e c r o a a i n g  r.=?te o f  c r e e p  i s  r e f e r r e d  t o  a s  t h o  
" f i r s t  t r a n s i t i o n  r e g i o n . "  The s c a t t e r  i n  t h e  p l e t t e d  
p o i n t s  f o r  some of t h e  t e s t s  i s  p r o b a b l y  due  i n  p a r t  t -  
t h e  d i f f i c u l t y  o f  m e a s u r i n g  c h a n g e s  i n  l e n g t h  o r '  such  
small F a g n i t u d e s  a n d  i n  p a r t  t o  t h e  e f f e c t  o f  i n t e r m i t t e n t  
v i b r z t i o n s  o f  t h e  b u i l d i n g  o r  t o  o c c a s i o n a l  s h o r t - t i m e  
i n t e r r u p t i o n  o f  t h e  a i r - c o n d i t i o n i n g  e q u i p m e n t .  I t  w a s  ob- 
s e r v e d  t ha t  t h e  r a t e  o f  c r e e p  a f t e r  a b o u t  3 0 0 0  h o u r s  de -  
c r e a s e d  a p p r e c i a b l y ,  s o  t h a t  t h e  c u r v e s  a n p r e a c L e d  n e a r l y  
t o  a h o r i z o n t a l  l i n e  f o r  a l l  v a l u e s  of  s t r e s s  ( f i g .  2 4 ) .  
T h i s  tendPvncy Teas s imi la r  t o  t h a t  c b s e r v e d  f o r  r e l a t i v e l y  
h i g h  s t r e s s e s  i n  t h e  c a s e  of c e : l u l o s e  a c e t a t e  ( r e f e r e n c e  7 ) .  

I t  was f o u n d  t h a t  t h e  c r e e p  a t  a n y  t i m e  w i t h i n  t h e  
l i m i t s  of  t h e  t e s t  a n d  a t  a g i v e r ,  s t r e s s  c o u l d  be a p p r o x -  
i m a t e l y  T e p r e s e n t e d  5y  a s t r a i g h t  l i n e  o €  s l o p e  R a n d  
i n t e r c e p t  6,; t h u s ,  e = e o  + B t  where  e o  i s  t h e  
" i n i t i a l "  c r e e p ,  B t h e  r a t e  o f  c r e e p ,  a n d  e t h e  t o t a l  
c r e c p  a t  t i m e  t .  The  v a l u e s  o f  e a  a n d  B were ob- 
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t a i n e d  b y  d r a w i n g  a s t r a i g h t ;  l i n e  t h r o u g h  t h e  p o i n t s  r e p -  
r e s e n t i n g  t h e  f i r s t  s t a g e  o f  c r e e p  ( f i g .  231. The s l o p e  
o f  t h i s  l i n e  was t h e  r a t e  o f  c r e e p  E! d u r i n g  t h e  f - i r s t  
s t age  o f  c r e e p ,  a n d  t h e  i n t e r c e p t  o f  t h i s  l i n e  w i t h  t h e  
z s r o - t i m e  axis n a s  t h e  i n i t i a l  c r e e p  e o ,  When t h e  r a t e  
o f  c r e e p  was p!.ottad a s  a f u n c t t o n  o f  t h e  s t r e s s  on a 
l o g - l o g  d i a g r a a  ( f i g *  25) ,  i t  was f o u n d  t h a t  t h e  d a t a  t h u s  
p l o t t e d  c o u l d  be r e a r e s e n t e d  r e a s o n a b l y  w e l l  by 2 s t r a i g h t  
l i n e ,  s o  t h a t  t h e  r a t e  o f  c r e e p '  c o u l d  be e x p r e s s e d  as a 
yowcs f u . n a t i o n  o f  t h e  s t r e s s .  S i m i l a r l . y ,  t h e  l o g - l o g  p l o t  
o f  s t r e s s  a g a i n s t  i n i t i a l  c r e e p  was near1;y a s t r a i g h t  l i n e ,  
s o  t h a t  t h e  4 n i t i a l  c r e e p  cou ld  a l s o  be e x p r e s s e d  a s  a 
power f u n c t i o n  o f  t h e  s t r e s s  ( f i g .  3 5 ) .  

a n d  a n y  s t r e s s  CJ, by t h o  f o l l o w i n g  r e l a t i o n s h i p ;  (The  
numbers  lr46O0" and.  "9500I' a r e  d i n e n s i o n a l  c o e f f i c i e n t s . )  

Thus  i t  was 2oas :b la  . t o  express c r e e p  a t  a n y  t i m e  t 

T h i s  e q u a t i o n  i s ,  o f  c o u r s e ,  a n  a p p r e x i r n a t i o n  t o  t h e  c r e e p  
c u r v e .  I t  r e p r e s e n t s  a family of  s t r a i g h t  l i n e s  h a v i n g  
s l o p e s  e q u a l  t o  t h o  s l o p e  o f  t h e  c r e e p  c u r v e  in t h e  f i r s t  
s t a g e  a n d  p a s s i n g  t h r o u g h  t h e  c r e e p  c u r v e s  i n  t h e  f i r s t  
s t a g e ,  Thc f a m i l y  o f  s t r a i g h t  l i n e s  r e p r e s e n t e d  by t h e  
a b o v e  e q u a t i o n  i s  shown, f o r  t h e  v a l u e s  c f  s t r e s s  u s e d  I n  
t h s  t e s t s ,  a s  d a s h  l i n e s  i n  f i g u r e  23. E x a c t  ngroemont  
b e t w e e n  t h e s e  l i n e s  a n d  t h e  p l o t t e d  d a t a  i s  n o t  t o  b e  ex- 
p e c t e d  b e c a u s e  of t h o  s c a t t e r  of  t h e  p l o t t e d  p o i n t s  shown 
i n  f i g u r e  25. The d a s h  l i n e s  shown i n  f i g u r e  23 o b v i o u s l y  
will n o t  a c c u r a t e l y  r e p r e s e n t  c r e e p  i n  t h e  f i r s t ,  t r a n s i -  
t i o n  r e g i o n  n o r  d u r i u g  t n e  " s e c o n d  s t a g e "  o f  c r e e p .  I n  
t h e s e  c a s e s p  h o w e v e r ,  t h o  a c t u a l  c r e e p  i s  l e s s  t h a n  t h a t  
p r e d i c t e d  by t h e  e q u a t i o n ,  S O  t h a t  u s e  o f  t h e  e q u a t i o n  
wr,uld b e  on t h e  s a f e  s i d e ,  

9 F r a c t u r e  Under  Long-Continuod. Z o n s t a n t  Load 

T h e s e  t e s t s  were o u p p l o m e n t a l  t o  c r e e p  t e s t s .  The t i m c  
required t o  c a u s e  f r c c t u r e  unde r  a c o n s t a n t  t e n s i o n  l o a d  i s  
shown i n  f i g u r e  26, i n  wh lch  t h e  t e n s i o n  s t r e s s  i s  p l o t t e d  
a g a i n s t  t i n e  f o r  f r a c t u r e  on a l o g - l o g  s c a l e .  I t  was ob- 
s e r v e d  t h a t  above  a s t r e s s  o f  a b o u t  3200 p o u n d s  poi- s q u a r e  
i n c h ,  fracture a l m o s t  always o c c u r r e d  w i t l i i n  a r e l a t i v e l y  
s h o r t  t i m e  ( l e s s  t h a n  1 0 0  h r ) ,  b u t  be low t h i s  s t r e s s  no 
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f r a c t u r e  o c c u r r e d  i n  l e s s  t h a n  2000 h o u r s .  F i g u r e  26 i n d i -  
c a t s s  t h a t  t h e  t i m e  r e q u i r e d  f o r  f r a c t u r a  t o  t a k e  p l a c e  
u n d e r  a c h n s t a n t  s t r e s s  i n c r e a s e s  w i t h  d e c r e a s e  i n  s t r e s s  
a n d  thP.t i n  t h e  n e i g h b o r h o o d  o f  3200 p o u n d s  p e r  s q u a r e  
i n c h  a r e l a t i v e l y  s m a l l  change  i n  s t r e s s  nay mr?ke a v e r y  
l a r g e  chsngo  i n  t i m e  f o r  t h e  f r a c t u r e  t o  t a k e  p l a c e .  

10. F a t i g u e  T e s t s  

(p_)The e f f o c t  0-f rnnPe  o f  s t r e s s  on t h e  f a t i m e  
s t r e n g t h  ir, b e n d i n g . -  I n  t h i s  p a p e r  " r a n g e  o f  s t r e s s "  i s  
d e f i n e d  i n  t e r m s  o f  t w o  q u a n t i t i e s ,  t h e  x e a n  s t r e s s  a n d  t h e  
a l t e r n a t i n g  s t r e s s  of  t h e  s t r e s s  c y c l e ;  t h a t  i s ,  t h e  c y c l e  
o f  s t r e s s  i s  r e s o l v e d  i n t o  t w o  c o m p o n e n t s ;  a c o n s t a n t  o r  
mean v a l u e  o f  b e n d i n g  s t r e s s  'T, and a n  a l t e r n a t i n g  
s t r e s s  cia, which  i s  s u p e r i m p o s e d  on t h e  Oiean s t r e s s .  
When t h e  mean s t r e s s  i s  z e r o ,  t h e  maximm a l t e r n a t i n g  
s t r e s s  which w i l l  c a u s e  f r s c t u r e  a f t e r  a g i v e n  n u m b e r ' o f  
c y c l e s  o f  s t r e s s  i s  c a l l a d  t h e  s ' a t i g u e  s t r e n g t h  a t  t h e  
g i v e n  number o f  c y c l e s .  When t h e  mean s t r e s g  i s  n o t  ?;era', 
t h e  c o r r e s p o n d i n g  v a l u e  o ?  niaximum a l t e r i a t i n g  s t r e s s  ua 
which  w i l l  p r o d u c e  f r a c t u r e  a f t e r  a g i v e n  number of  cy-  
c l e s  o f  s t r e s s  i s  d e f i n e d  a s  t h e  f a t i g u e  s t r e n g t h  f o r  t h a t  
v a l u e  of mean s t r e s s  a n d  t h e  g i v e n  number o f  c y c l e s  o f  
s t r e s s .  

F a t i g u e  t e s t s  o f  p h e n o l i c  m o l d i n g  m a t e r i a l  were r u n  
on s p e c i m e n s  a s  shown i n  f i g u r e  3a. f o r  f o u r  d i f f e r e n t  
r a n g e s  o f  s t r e s s ,  The G - N d i a g r a m  for t h e  f o u r  d i f f e r -  
e n t  v a l u e s  of  mean s t r e s s  i s  shown i n  f i g u r e  27. Ir, t h i s  
f i g u r e  t h e  a l t e r n a t i n g  c o n p o n e n t  o f  s t r e s s  was p l o t t e d  
a g a i n s t  t h e  number of  c y c l e s  f o r  f r a c t u r e  on a s e m i l o g  d i -  
agram. A n  a p p r e c i a b l e  s c a t t e r  o f  d a t a  was observed .  i n  
t h e s e  t e s t s ,  s o  t h a t  ;t d e f i n i t e  cr - N c u r v e  c o u l d  n o t  be  
d rawn ,  F o r  p u r p o s e s  o f  a n a l y s i s ,  a s t r a i g h t  l i n e  w a s  
drawn t h r o u g h  t h e  p l c t t e d  p o i n t s  r e p r e s e n t i n g  t h e  t r e n d  o f  
t h e  c u r v e .  The g r e a t e s t  e m p h a s i s  w a s  p l R c e d  on  t e s t $  a t  
l a r g e  numbers  o f  c y c l e s  i n  d r a w i n g  t h i s  l i n e .  I n  Orde r  
b e t t e r  t o  i l l u s t r a t e  t h e  e f f e c t  on t h e  f a t i g u e  s t r o n g t h  of  
a chcnge i n  t h e  mean s t r e s s ,  t h e  f a t i g u c  s t r e n g t h  a t  
1 0 0 , 0 0 0 , 0 0 0  c y c l e s  W R S  p l o t t e d  a g a i n s t  t h o  mean stress o f  
t h e  c y c l e s  i n  f i g u r o  28. I t  wao o b s e r v e d  t h a t  t h o  f a t i g u e  
s t r e n g t h  d e c r c a s c d  w i t h  i n c r e a s i n g  mean s t r e s s  f rom 3 1 3 9  
pounds  p e r  s q u a r e  i n c h  a t  z e r o  mean s t r e s s  t o  1 6 1 0  p o u n d s  
p z r  s q u a r e  i n c h  a t  FL mean s t r e s s  o f  7000 p o u n d s  p e r  s q u a r e  
i n c h .  ( S e e  t a b l e  V I . )  (The  s p e e d  o f  t 2 s t i n g  u s e d  i n  a l l  
o f  t h e s e  t e s t s  was  1 7 2 0  cpm.)  
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C u r i n g  t h e  c o n d u c t  o f  t h e  t e s t s  i n  wh ich  t h e  macn 
s t r e z s  w a s  a o t  z e r o ,  L t  was o b s e r v e d  t h a t  t h e  xeen  s t r e s s  
c o n t i o u o u o i y  d e c r e a s e d  even  t h o u g h  t h e  d e f l e c t i o n s  o f  t h e  
s p e c i m e n  were  m a i n t a i n e d  t h e  snme. T h i s  d e c r e n s e  i n  mean 
? t r e s s  ( r e l a x a t i o n )  was t h e  r e s u l t  o f  c r e e p  of  t h e  mr,te- 
r i a l ,  I n  o r d e r  t o  show t h e  e f f e c t  o f  r e l a x a t i o n  o a  t h e  
a l t e r n a t i n g - s t r e s s  a g a i n s t  m e a n - s t r e s s  d i a g r a m  ( f i g .  2 8 ) ,  
t h e  f a t i g u e  s t r e n g t h  was p l o t t e d -  a g a i n s t  t h e  v a l u e  o f  mean 
s t r e s s  which  o b t a i n e d  a t  1 0 0 , 0 0 0 , 0 5 0  c y c l e s .  T h e s e  d a t a  
p r e  shown by  t h e  open  c i r c l e s  i n  f i g u r e  2 8 .  The a v e r a g e  
v q l u e  o f  t h e  " s t a t i c "  u l t i m a , t e  s t r e n g t h  i n  f l e x u r e  ( m o d u l u s  
c f  r u p t u r e ) ,  o b t a i n e d  i n  t e s t s  r e p o r c e d  z b o v e ,  was p l o t t e d  
on t h e  d i s g r n m  i n  f i g u r e  2 8 *  A s t r c t i g h t  l i n e  drawn b e t x e e n  
t h e  f a t i g u e  s t r e n g t h  a t  z e r o  mean s t r e s s  Rnd ths ' ' s t a t i c f 1  
b e n d i n g  s t r e n g t h  r e 2 r o s e y t s  t h e  ! ' t h e o r e t i c a l "  e f f e c t  o f  
mean s t r e s s  ( s i 3 f e r e n c o  11). I t  w a s  o b s e r v e d  t1:iit t i l e  d a t a  
a d j u s t e d  t o  t l za  mean s t r a s s  a t  100,OG0,000 c y c l - e s  f e l l  v a r y  
n e a r l y  on t h i s  s t r 2 i g h t  l ? -ne .  

1-b) Re1as.P-tion d u r i n g - f a t i g u e  t e s t s . -  T h z  e f f e c t  o f  
r e l a . - ? A t i o n  w a s  f u r t h e r  s t u a i e d  b y  mecns of a r e l a x a t i o n  
t e s t  c o n d u c t e d  u n d s r  s t a t i c  c o n d i t i o n s  i n  w h i s h  t h e  i n i t i a l  
v a l u e  of  t h e  b e n d i n g  s t r e s s  was 7 0 0 0  p o u n d s  per s q u a r e  i n c h .  
T h i s  t e s t  was c o n d u c t e d  by u s i n g  a dynamometer  a n d  spec imen  
s x 2 s t l y  The same a s  t h a t  u s e d  i n  t h a  f a t i s u e  t e s t ,  A de- 
f l e c t i o n  was g i v e n  t o  t h e  spec imen s u f f i c i e n t  t o  p r o d u c e  
'7000 p o u n d s  p e r  s q u z r s  i n c h .  R e a d i n g s  o f  s t r e s s  were r e -  
c o r d e d  at i n t e r v a l s  o f  t i n e  f o r  a p e r i o d  of 800 h o u r s .  
T h e s e  d a t a  were  p l o t t e d  i n  f i g u r e  29 i n  wh ich  s t r e s s  was 
p l o t t e d  a g n i n s t  tine i n  h o u r s .  The v a l u e  o f  t h e  mean 
s t r e s s  wh ich  o b t a i n e d  d u r i n g  f a t i g u e  t e s t s  a t  t h r e G  d i f f e r - .  
e n t  r a n g e s  o f  s t r e s s  i s  a l s o  p l o t t e d  i n  f i g u r e  29 .  T b e s e  
d a t a  were  t ake r i  T r o a  t h e  spec imen which f a i l e d  m o s t  n e a r l y  
at lG0,000,000 c y c l e s .  I t  was o b s e r v e d  t h a t  r e l a x a t i o n  o f  
s t r e s s  was q u i t e  r a p i d  d u r i n g  t h e  f i r s t  100 h o u r s .  T h e r e -  
a f t e r  t h e  s t r e s s  d e c r e a s e d  n e a r l y  as  a l i n e a r  f u n c t i o n  o f  
t i m e .  I t  u a s  a l s o  o b s e r v e d  t h a t  t h e  r a t e  o f  d e c r e a s e  o f  
rdean s t r e s s  i n c r e a s e &  w i t h  t h e  v a l u e  o f  t k e  mean s t r e s s .  

I C >  F a t i c u e  s t r e n g t h  in t o r s i o n - a n d  be.ndinK.- I n  o r -  
d e r  t o  d e t e r m i n e  t h e  b e h a v i o r  o f  t h e  m o l d i n g  m a t e r i a l  i n  
f a t i g u e  u n d e r  a different s t a t e  of s t r e s s ,  t h e  h : a t e r l a l  
was t e s t e d  i n  t o r s i o n a l  f a t i g u e ,  u s i n g  t h e  machine  shown 
i n  f i g u r e  10.  The 0- - IT d iag ram f o r  f a t i g u e  t e s t s  i n  
t o r s i o n  o f  round  s p e c i m e n s  ( f t g .  3%) i s  shown i n  f i g u r e  
3 0 ,  F o r  c o m p a r i s o n ,  a f a t i g u e  c u r v e  was a l s o  o b t a i n e d  i n  
b e n d i n g  w i t h  t h e  saEe c i r c u l a r  c r o s s - s e c t i o n a l .  s p e c i n e n  a s  
u s e d  i n  t o r s i o n  a n d  w i t h  spec io?ens  t a k e n  f r o m  t h e  same 



s ; h c e t ,  k h e  5 .  N d i a g r a m  f o r  t h e s e  t e s t s  i s  also s h o m  
ir, i - i g u r e  30 .  The f a t i g u e  s t r e n g t h  f o r  t o r s i o n  t e s t s  
wss f o u n d  t o  be  1800-pounds-per-square-inch s h e a r i n g  s t r e s s .  
( S 2 e  t a b l e  VI.) The c o r r e s p o n d i n g  f a t i g u e  s t r e n g t h  i n  
beadi.ng was found  t o  b e  3820-pocnds-per-square-inch t e n s i l e  
~ t r e s ~ ,  T'Qe f r a c t u r e  o f  t h e  t o r s i c n  s p e c i m e n  p r o g r e s s e d  
a l o n g  a 45 holix, i n d i c a t i n g  t h a t  t h e  c r a c k  p r o g r e s s e d  
along a p l a n e  of maximum t e n s i l e  s t r e s s ,  ( S e e  f i g .  5311.) 
I iowever ,  t h e  t o n s i l s  s t r e s s  i n  t h e  t o r s i o n  spec imen  w a s  
t h a  sane  a s  ths s h e w i n g  s t r e s s ,  n a m c l y ,  1800 pounds  p e r  
s q u a r e  i n c h  a t  t h e  f a t i g u e  s t r e n g t h ,  w h e r e a s  t h e  t e i i s i l e  
f a t i g u c  s t r e n g t h  i n  befii i ing was found  t o  b e  3 8 2 0  p o u o d s  
p e r  sq'j.arc i n c h .  This i n d i c a t e s  t h z t  t h e  s t a r t  o f  t h e  
f a t i g u e  c r a c k  n r o b a b l y  was t h e  r e s u l t  o f  a s h e a r i n g  s t r e s s  
r a t h c r  than- a t e n s i o n  s t r e s s ,  b e c a u s e  t h e  anximum s h e a r i n g  
s t r e p s  i n  t h e  bendi ; ig  s p o c l n e n  v a s  one-ha i r"  t h c  maxlmum 
3 e n s i l ;  s t r e s s ,  o r  1 9 1 0  pounds  p z r  s q u a r e  i n c k ,  which con-  
F s r o s  f a v o r a b l y  v i t h  t i l 2  s h e a r i r , g  f a t i g u e  s t r e n g t h  f o u n d  
i n  t h c  t o r s i o n  t e s t ,  1 8 0 0  p o u n d s  p e r  s q u a r c  i n c h .  Thus 4 

i t  Lvould app-sar  tnat t h z  f a i l w e  i s  g o v e r n e d  b y  t h e  s h e a r i n g  
s t r e s s  r a t h e r  t h e n  b q  t n e  t ens io ln  s t r e s s .  

, 
i d )  The e f f e c t ,  o f  syegc l -o f  t e s t i n g  o n  t h e  f a t i m g  

- st:-ellff%k,- -- The  e f f e c t  o f  s p e e d  o f  t e s t i n g  on t h e  f a t i g u e  
s t r a n g t h  o f  t h e  p l iGno l i c  nolding m a t e r i a l  was s t u d i e d  b y  
u s 8  o f  rotatlng-cantilever-beam m a c h i n e s ,  a s  s h o w n  i n  f i z -  
u r 3  11 ( s y e c i m e n ,  f i g .  3 c ) .  T h e c c  m a c h i n e s  were  p r o v i d e d  
yrrith a '/-'zelt d r i v e ,  SO t h a t  d i f f e r e n t  s p e e d 6  z o u l d  be  
o b t e i n e d .  T h o  0 - N d i a g r a m s  o ' o t a i n e d  f r o z  t e s t s  a t  t h r e e  
d i f f e r e n t  speeds  - i720, 4200,  6150 c y c l c s  p e r  aJ.nui;e - 
a r s  shown i o  f i g u r c  31, The e f f e c t  o f  s p e e d  o f  t e s t i n g  
was found by p i o t t i n g  t h e  f a t i g u e  s t r e n g t h  a t  1GO,O0O,OOO 
c y c l e s  a g p i n s t  t h s  s p c e d  i n  c y c l e s  p e r  m i c u t e ,  a s  shown i n  
f i g u r e  3 2 .  I t  w i i s  Cound t h a t  t k e  f a t i g u e  s t r e n g t h  de-  
c r c a s 2 d  a s  t h e  sosect w a s  i n c r e e s e d  o v e r  t h e  r a n g e  o f  s 2 e e d  
s t u d i e d .  The f a t i g u e  s t r e n g t h  a t  a s p e e d  o f  1'720 c y c l e s  
p e r  m i n u t e ,  a s  o b t a i n e d  i n  t h e s e  t e s t s ,  was 2630 pounds  
p e r  square i n c h ,  ( S e e  t a b l e  VI.) It may b e  t h a t  the e f -  
f e c t  o f  s p e e d  o n  t h e  f a t i g u e  s t r e n g t h  was i n  p a r t  due  t o  
r i s e  i n  t e m p e r a t u r e  o f  the s p e c i m e n  due  t o  t h e  i n t e r n a l  
f r i c t i c p n  i n  t h e  m a t c r i a l .  S i n c e  t L e  s p e c i m e n  was r o t a t i n g  
d u r i n g  t h e  t e s t s  it was n o t  found p o s s i b l e  t o  n e a s u r e  t h e  
t e m p e r a t u r e ;  h o w e v e r ,  o b s e r v a t i o n s  i n d i c c t e d  t h a t  t h e  t a n -  
p e r a t u r e  r i s e  was n o t  e x c e s s i v e .  

___--- ( e )  T h e  e f f e c t  o f  a notch-qn_ -- t h e  - -.- f a t i m e ,  -- s t r e n P t h . -  
The effoc.1; o f  a n o t c h  o f  s n a p e  a s  ~ h o w l  i n  f i g u r e  3 d  was 
o b t a i n e d  by t e s t s  on a r o t a t i n g - b e a D  mach ine  a t  a speod  of 
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6 1 5 0  c y c l e s  p e r  m i n u t e .  The cr - N d i a g r a m  f o r  t h i s  t e s t  
i s  s'lown -In f i g u r e  3 1 .  The f a t i g u e  s t r e a g t h  a t  100,G@0,000 
c y c l o s  was f o u n d  t o  be 2300 p a u n d s  -psr s y c a r e  i n c h .  COD- 
p a r i n g  t h i s  w i t h  t h e  t e s t  o f  smooth s p e c i n e n s  a t  t l i a  s a n o  
c p e e d ,  i t  was f o u n d  t h a t  t h e  f a t i g u e  s t r e n g t h  was a b o u t  1 5  
perter-t h i g h e r  f o r  t t e  n o t c h e d  t e s t  t h a n  T o r  t h e  u n n o t c h e 5  
t e s t .  ( S e e  t a b l e  VI.) I t  i s  d i f f i c u l t  t o  e x p l a i n  an  i n -  
c r e a s e  f n  f a t i g u e  s t r e n g t h  as  a r e s u l t  or'  n o t c h i n g  t h e  
s ~ e c i m e n .  I t  s a y  b e ,  however ,  t h a t  t h i s  a p p a r e n t  i n c r e a s e  
i s  due  largely t o  v a r i a t i o n s  i n  t h e  m a t e r i a l  be tween s h e e t s  
o r  s c c t t a r  i n  t h e  d a t a .  However, t? le  c o n c l u s i o n  t h a t  t h i s  
r r a t e r i a l  i o  r e l a t i v e l y  i n s e n s i t i v e  t o  n o t c h e s  seems juefui- 
f i e d ,  This i s  i n  o p p o s i t i o n  t o  r e s - d l t s  or' t e s t s  o f  c e l l u -  
I c s o  a c e t a t e  ( r e f e r e n c e  S ) ,  inasmuch a s  %he f a t i g u e  
s t r e n g t h  o f  a n o t c h s d  specimen f u r  c c l l u i o s e  a c e t a t e  was 
f o u n d  t o  be  about o n e - h a l f  t h e  f ' a t i g u e  s t r e n g t h  o f  t h o  un- 
n o t c h e d  s p e c i m z n .  

( f )  Ti;e e f f e c t  o f  t y p  sf t o z t -  a u d  s h a p e  o f  s p e c f a e n . -  - - 
Compar i son  o f  t h e  f a t i g u e  s t r e n g t h  o b t a i n e d  a t  a s p e e d  o f  
1720  c y c l e s  p e r  m i n u t e  and a a e a n  s t r e s s  o f  z e r o ,  b u t  d i f -  
f e r e n t  t y p o s  of n a c h i n e  a n d  d i f f e r e n t  s h a p e s  o f  s p e c i m e n ,  
showed t h e  f o l l o w i n g  r e s u l t s .  The f a t i g u e  s t r e n g t h  o f  a 
s q u a r e  spec+-men i n  t h e  b e n d i n g  n a c h i n e  v a s  ,1130 pounds  p e r  
s q u a r e  i n c h ,  w h i l e  f o r  a .  c i r c u l a r  c r o s s - s d c t i o n a l  spec imen  
t h e  f a t i g u e  s t r e n g t h  v a s  3820 p o u n d s  p e r  s q u a r e  i n c h  .- a n  
i n c r e a s e  o f  a,bout 21 p e r c e n t .  A c i r c u l a r  c r o s s - s e c t i o n a l  
s p e c i m e n  o f  t h e  same shape  but t e s t e d  i n  a r o t a t i n g - b e a m  
t e s t i n g  machin; was found  t o  g i v e  a f n t i g u e  s t r e n g t h  o f  
2630 p o u n d s  p e r  s q u a r e  i n c h ,  01- a d e c r e a s e  of 31 p e r c e n t  of  
t h e  r e F u l t s  o b t a i n e d  i n  t h e  c i r c u l a r  b e n d i n g  s p e c i m e n .  
2 h e s c  d i f f e r e n c e s  may be duo  i n  p a r t  t o  v a r i a t i o n s  i n  t h e  
m a t e ~ i a l , , p a r t i c u l a r ~ ~ ~  i n  t h e  c a s e  o f  t h e  l a t t e r  s i n c e  t h e  
r o t a t i n g - b o a m  s p e c i m e n s  were o b t a i n e d  f rom m a t e r i a l  0 .5  
I n c h  t h i c k  a n d  t h e  b o n d i n g  s p e c i n e n s  f rom u a t e r i a l s  0 .3  
i n c h  t h i c k .  D i f f e r e n c e  i n  s u r f a c e  f i r i i s h  m a y  a l s o  con-  
t r i b n t e  t o  t h e  v e r i a t i o n  b o t w e e n  r e s u l t s  o b t a i n e d  on d i f -  
f e r e n t  n i a c h i n e s .  The o r i g i n a l  molded s u r f a c e  r e m a i n e d  on 
a l l  s q u a r e  c r o s s - s e c t i o n a l  s p e c i m e n s ,  w h e r e a s  t h a  s u r f a c e  
o f  c i r c u l a r  c r o s s - s e c t i o n a l  s p e c i m e n s  was x a c h i n c d  and 
t h e n  s a n d e d .  k s i m i l a r  i n c r e a s e  of  f t t t i g u o  s t r e n g t h  o f  
c i r c u l a r  a s  compared t o  s q n a r e  s p e c i m e n s  was f o u n d  f o r  c e l -  
l U l o s c l  a c e t a t e  a s  w e l l  a s  f o r  t h e  p h e n o l i c  m o l d i n g  m a t e r i a l .  
( S e e  r e f e r e n c e  8 . )  

F r a c t u r e d  f a t i g r l e  spec imens  of all t y p e s  izsed aTe 
shown i n  f i g u r e s  3 3 f . ,  .IC. 
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V I .  CONCLUSIOBS 

c 

The f o l l o w i n g  c o n c l u s i o n s  may b e  drawn f r o m  t h e  a t o v c  
t e s t s  o f  macerRted  p h e n o l i c  m o l d i n g  m a t e r i a l  p e r f c r m e d  a t  a 
c o n s t a n t  t e m p e r a t u r e  ~f 7 7 O  F a n d  r o l a t i v o  h u m i d i t y  o f  50 
pc: rccnt  0 

1. S t a t i c  s h o r t - t i m e  t e n s i o n  a n d  c o m p r e s s i o n  t e s t s  
p e r f o r m e d  a t  t h o  same r a t s  o f  s t r a i n  i n d i c a t e  a b o u t  e q u a l  
v a l u e s  of y i e l d  s t r e n g t h  i n  t e n s i o n  a n d  c o m p r e s s i o n  - 
4010  a n d  4 1 2 0  pound3  p e r  square i n c h ,  r e s p e c t i v e l y  ( a t  
0.05 p e r c e n t  o i f s e t ) .  ( S e e  tables I ,  1 1 ,  111.) 

2, T h e  u l t i m a t e  s t r e n g t h  i n  c o m p r e s s i o n  is, h o w e v e r ,  
a b o u t  f o u r  t i m e s  t h e  u l t i m a t e  s t r e n g t h  i n  t e n s i o n  - 1 8 , 9 6 0  
a n d  4550 2ounds p e r  c q v a r a  i n c h , .  r e s p e c t i v e l y .  

3 .  The n o d u l i  o f  e l n s t 3 c f t y  a r e  n e a r l y  e q u a l  i n  t e n -  
s i o n  a n d  c o m p r e s s i o n  - 9el,oOCb :iL1& 886,COO ;ooun?s p e r  
s q u r r e  i n c h ,  r e s p e c t i - v e l y .  

4 .  T o r s i o n  t e s t s  a t  a r a t a  o f  s t r a i n  c a r r e s p o n d i n g  
t o  t h z t  u s e d  f o r  t h e  t u n s i o n  a n d  c o i n p r e s s i o n  t e s t s  s h o ~ s e d  
a y i e l d  s t r e c g t h  ( a t  0 , 0 5  p e r c e n t  o f f s e t )  a b o u t  60  p e r -  
c e n t  o f  t h e  c o r r e s p o n d i n g  v a l u e  i n  t e n s i o n  a n d  campres -  
s i o n  - 2550 p o u n d s  p e r  s q u a r e  i n c h  ( t a b l e  17). 

5 .  TThe modulus o f  e l a s t i c i t y  i n  s h e a r  was a b o u t  one-  
f o c r t 5  o f  t h n t  i n  t e n s i o n  and  c o m p r e s s i o n  - 234,000 F o u n d s  
p e r  s q u a r e  i n c h  i n  one g r o u p  o f  s n c c i n e n s ;  2 9 0 , O G O  potlrids 
p e r  s q u a r e  i n c h  i n  a n o x h e r  g r o u p .  

6 .  T o r s i o n  t e s t s  a t  d i f f e r e r - t  r a t e s  o f  s t r a i n  sbQwed 
t h a t  t h e  s h e a r i n g  y i e l d  s t r e n g t h  i n c r e a s e d  w i t h  i n c r e L b s -  
i n g  r a t e  o f  s t r a i n  Up t o  a r a t e  o f  s t r a i n  or" a b o u t  0 .01  
i n c h  > e r  i n c h  p e r  m i n u t e .  ( S e e  fig. 1 9 . )  

7 .  It was f o u n d  t h a t  a t i m e  o f  a b o c t  4 0  dags was r e -  
q u i r e d  for t h e  s p e c i f i c  weigLt  t o  a p p r o a c h  e q u i l i b r i u m  i n  
a n  a t m o s p h e r e  o f  c o n s t a n t  t e c i p e r a t u r e  znd  h u m i d i t y  ( f i g .  
2 0 ) .  The change  i n  s p e c i f i c  w e i g h t  w a s  a t t r i b u t e d  t o  
change  i n  m o i s t u r e  c o n t e n t .  

8 .  T h e  c o m p r e s s i v e  s t r e n g t h  o f  t h e  m a t e r i a l  changed 
d u r i n g  t h e  t i r e  t hRt  t h e  m o i s t u r e  c o n t e n t  w c s  n o t  i n  e q u i -  
i i h r i u n  v i t h  t h e  h u n i d i t y  o f  t h e  c t m o s p h e r c .  Ths s t r e n g t h  
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i n c r e a s e d  d u r i n g  t h e  t i m e  t h a t  t h e  n o i s t u r c  c o n t e n t  o f  
t h e  n a t e r i a l  ktas g r e a t e r  t h a n  t h a t  r e q u i r e d  f o r  e q u i l i b -  
rium w i t h  tb.e a t m o s p h e r e ,  and d e c r e a s e d  when t h e  m o i s t u r e  
c o n t e n t  was l e s s  t h a n  t h a t  r e q u i r o d  f o r  e q u i l i b r i u n  w i t h  
t h e  a t m o s p h e r e  ( f i g .  21). 

9 ,  The modulus of  r u p t u r e  i n  f l e x u r e  was found  t o  be  
E O 0 0  p o u n d s  p e r  s q u a r e  i n c h ,  

10 .  The a v e r a g e  e.nergp a b s o r b a d  i n  b r e a k i n g  a $- by 
& - i n c h  I eod i m p a c t  s ~ e c i n e n  w a s  20 i n c h - p o u n d s ;  w h e r e a s ,  
t h e  average e n e r g y  ~ ~ b s o r b e d  by  a g- 'by $ - i n c h  Charpy  s ~ . o ' c -  
ixien t:zs 15.5  i n c h - p o c n d s .  T h e r e  w ~ s  n o  a p p r e c i z b l e  d i f -  
f e r e n c e  i n  irnpsck s t r e n g t h  o f  s p e c i m e n s  w i t h  n o t c h  c u t  
parallel. t o  t h o  s u r f a c e  o f  t h e  s h e e t  a n d  s p e c i m e n s  w i t h  
n o t c h  c u t  p e r p e n d i c u f a r  t o  t h i s  s u r f a c e  ! t a b 1 2  VI. 

11. C r c e p  ",sts 2 %  s e v e r a l  d i f f e r e n t  s t r o s s e s  showed 
t h a t  t k e  m o u n t  o f  c r s c p  and r a t e  o f  c r e e p  a r e  i n c r s a s e d  bg 
a n  i n c r e a s e  in s t r e s s .  I t  was s l s o  c b s e r v e d  t h a t  t h e  larg- 
e s t  p r o p o r t i o n  o f  t h e  c r e e p  r e c o r d e d  o c c - i r r e d  d u r i n g  t h e  
e a r l y  p n r t  of  t h e  t e s t  ( f i g .  2 3 ) .  

1.2. I t  was o b s s r v e d  t h z t  t h e  c r e e p  a 5 : s i n s t  t i m e  c u r v e  
a p p r o a c h e d  i. h o r i z o n t a l  l i n e  a f t e r  a t i m e  o f  a b o u t  3000 
h o u r s  f o r  211 v a l u e s  o f  s t r e s s  ( f i g .  2 4 ) .  

13. I t  v a s  f o u n d  t h a t  t h e  c r e e p  o c c u r r i n g  d u r i n g  a 
t i n e  o f  a b o u t  3000 h o u r s  c o u l d  be r e p r e s e n * . e d  a p p r o x i m a t e -  
l y  b y  t h e  f o l l o w i n g  e q u a t i o n :  

14 .  T e n s i o n  t e s t s  c o n d u c t e d  5.t a c o n s t a n t  l o a d  f o r  
long p e r i o d s  o f  t i m e  showod R c r i t i c a l  s t r e s s  o f  3200 
p o u n d s  p e r  s q u a r e  i n c h ,  above wh ich  f r a c t u r e  o c c u r r e d  
w i t h i n  l e s s  t h a n  1 0 0  h o u r s ,  a n d  be low which  f r a c t u r e  d i d  
n o t  o c c u r  f a r  a l o n g  p e r i o d  o f  t i m a .  

15 ,  The f a t i g u e  s t r e n g t h  f o r  c o m p l e t e l y  r e v e r s e d  beEd- 
5 n g  s t r e s s  was f o u n d  t o  ba 3130 p o u n d s  p e r  s q u a r e  i n c h  a t  
1GC,0OO,OOC c y c l e s .  

1 6 ,  T a s t s  at. o t h e r  r a n g e s  of  s t r e s s  showed t h a t  t h e  
f e t i g u e  s t r e n g t h  d c c r c a s e d  w i t h  i n c r s a s i n g  mean s t r e s s  
f r o 3  3130 g o u n d s  p 3 r  s q u a r e  i n c h  a t  z e r o  mean s t r e s s  t o  
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19, The f a t i g u e  s t r e n g t h  o f  a c i r c u l a r  c r o s s - s e c t i o n a l  
s p e c i m e n  i n  ' bend ing  was fouild t o  b e  3g2O p o u n d s  p e r  s q u ~ r e  
i n c h ,  w h i c h  was a b o u t  t w i c e  t h e  f a t i g u e  s t r e n g t h  o f  i d e n -  
t i c a l  specir2m.s i n  t o r s i o n .  T h i s  i n d i c a t e s  t h a t  s h e a r i n g  
s t r e s s  may b e  t h e  g o v e r n i E g  s t r e s s  w h i c h  i n i t i a t e s  t h e  fE- 
t i g u e  c r a c k  ( t a b l e  01). I 

c 

20.  B o t a t i n g - b e a n  f n t i g u e  t e s t s  a t  d i f f e r e n t  s p e e d s  
, of  t e s t i n g  showed t h a t  t h e  f a t i g u e  s t r e n g t h  d e c r e a s e d  as 

t h e  s p e e d  of t e s t i n g  i n c r e a s e d  ( f i g .  3 2 ) .  

1610 pounds  p e r  s q u a r e  i n c h  a t  a mean s t r e s s  o f  7 0 0 0  pounds  
? e r  s q u a r e  i n c h  ( t a b l e  V I ) .  

V I  I. A P F E N D I X  
~ 

1 7 .  R e l a x a t i o n  of s t r e s s  o c c u r r e d  d u r i n g  f a t i g u e  t e s t s  
i n  w h i c h  t h e  r a n g e  o f  s t r e s s  was n o t  zero. The r e l a x a t i o n  
r a t e  W P . S  f o u n d  t o  b e  a f f e c t e d  n o t  o n l y  b y  t h e  v a l u e  o f  t h e  
n e z n  s t r e s s  b u t  a l s o  b y  t h e  p r e s e n c e  o f  a n  a l t e r n x t i n g  
s t r e s s  ( f i g .  2 9 ) .  

18. The f a t i g u e  s t r e n g t h  i n  t o r s i o n  was 1800-pounds-  
D e r - s q u a r e - i n c h  s h e a r i n g  s t r e s s  a t  1 0 0 , 0 0 0 , 0 0 0  c y c l e s  ( t a -  
b l e  VI). 

21. T e s t s  o f  n o t c h e d  r o t a t i n g - b e a m  s p e c i m e n s  i n d i c a t e d  
v e r y  l i t t l e  n c t c h  s e n s i t i v i t y .  T h e r e  v a s  some i n d i c a t i o r  
t h a t  t h e  F r e s e n c e  o f  n n o t c h  i n c r e a s e d  t h e  f a t i g u e  s t r e n g t h  
( t a b l e  VI), 

22. D i f f c r e n o 0 s ; f  2 0  t c  30 p e r c e n t  i n  f a t i g u e  s t r e n g t h  
w e r e  f c u n d  f o r  d i f f e r e n t  s h a p e s  o f  s p e c i m e n s  a n d  d i f f e r e n t  
t y p e s  o f  t e s t i n g  mach ines  ( t a b l e  V I ) .  

D e f i n i t i o n  o f  T e r n s  

1. Modulus of  e l a s t i c i t y .  I n  t h i s  r e p o r t  modulus o f  - 
e l a s t i c i t y  i s  u n d e r s t o o d  t o  r e f e r  t o  t h e  t n n g e n t  mcdulus  
at t h e  i n i t i a l  o o r t i o n  o f  t h e  : t r e s s - s t r a i n  c u r v e ;  t h 8 t  i s ,  
t h e  modulus wrts o b t a i n e d  by m e r s u r i n g  t h e  s l o p e  o f  a l i n e  
drawn t a n g e n t  t c  t h e  c u r v e  t h r o u g h  t h e  l o w e r  p o r t i o n  of 
t h e  c u r v e .  I t  is i m n o r t a n t  t o  n o t e  t h a t  f r i c t i o n  lag o r  
'backlash i n  t h e  s t r a i n - m e a s u r i n g  i n s t r u m e n t  may r e s u l t  i n  
s o m e  i r r e g u l a r i t y  i n  m o o i t i o n  o f  t h e  f i r s t  t w o  o r  t h r e e  
r e s d i n g s  a n d ,  b e c a u s e  o f  t h i s  lac, t h e  s t r e s s - s t r a i n  c u r v e  
w i l l  no t  n e c e s s a r i l y  p ~ s s  t h r o u g h  t h e  o r i g i n  o f  c o o r d i n n t e s .  



2 ,  Y i e l d  s t r e n g t h . -  Yield s t r e n g t h  i s  d e s i g n a t e d  a s  
t h e  s t r e s s  C o r r e s p o n d i n g  t o  a n  a r b i t r a r i l y  s e l e c t e d  p e r -  
c e n t  d e v i a t i o n  fro11: t h e  s t r a i g h t - l i n c  p o r t i o n  o f  t h e  
c u r v e  ( o r  "niodulus  l i n e " ) .  I t  i s  o b t a i n e d  f r o m  a p l o t t e d  
e t r c s e - s t r c i n  c u r v e  by  d rawing  a l i n c  parallel t o  t h e  mod- 
ulus  l i n e  a n d  a t  a d i s t a n c e  f rom t h i s  l i n e  equal  t o  t h e  
s p e c i f i e d  o f f s e t  measu red  a l o n g  t h e  s t r a i n  axis. The y i c l d  
s t r e n g t h  i s  t h e  s t r o s s  c o r r e s p o n d i n g  t o  t h e  p o i n t  o f  iLn- 
t c r s c c t i o n  o f  t h e  s t r e s s - s t r a i n  c u r v e  and  t h e  a u x i l i a r y  
l i n c  m e n t i o n e d  a b o v e .  

3. gc+ts o f  s t r a i n , - .  The r R t e  of '  s t r a i n  as  u s s d  i n  
t h i s  r e p o r t  r e f e r s  t o  t h e  t i m e  r a t e  o f  s t r a i n i n g  o f  t h e  
s p e c i m e n  i n  t h e  e l a s t i c  ( o r  s t r a i g h t  l i n e )  p o r t i o n  o l  t h e  
s t ' r e s s - s t r a i n  c u r v e .  I n  t h e  cast?  o f  t h e  t e r , s i o n  a n d  corn- 
p r e s s i o n  t e s t s ,  t h e  v a l u e  o f  t h c  r a t e  o f  s t r a i n  was  o b -  
t a i n e d .  f rom t h e  s l o 9 e  of a s t r a i n - t i m e  diagram p l o t t e d  
f r o m  d a t a  t s k a n  d u r t n g  t h e  t e s t s .  I n  t h e  ca.sa o f  t h e  t e n -  
s i o n  a n d  c o m p r e s s i o n  t e s t s .  s t r n i n - t i u e  d i a p ? - n s  s u c h  a s  
f i g u r e s  13 ;Ind 15 aTe  o b t a i n e d .  The r a t e  o f  s t r a i n  a s  
i n t c r p r e t z d  foi? t h e s e  d i a g r a m s  was t h e  s l o p e  o ?  t h e  c u r v e  
a t  t h e  p o r t i o n  . jus t  b s l o w  t h e  v z l u s  o f  s t r a i n  C o r r e s p o n d -  
i n g  t o  t h e  nas inum s t r a i n  f o r  wh ich  s t r e s s  H ~ S  d i r e c t l y  
p r o p o r t i o n a l  t o  s t r a i n ,  

4 .  Mod.ulus o f  r u p t u r e , -  Tho n o d u l u s  o f  r a p t u r o  i s  a 
f i c t i t i o u s  s t r e s s  o b t a i n z d ,  i n  t h c  c c s e  o l  t h o  t o r s i o n  
t e s t ,  b y  s u b s t i t u t i n g  t h e  mAxinum v n l c e  o i  t w i s t i n g  moment 

i n t o  t h e  c q u a t i o n  
d o e s  n o t  r e p r c s G n t  t h e  a c t u a l  m p x i r o u m  s t r e s s  i n  t h e  r m t e -  
r i a l  a t  t h e  f r a c t u r e ,  b e c a u s c  t h e  e q u a t i o n  u s e d  i s  c o r r e c t  
o n l y  when s t r e s s  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  s t r a i n ,  
wh ich  i s  n o t  t h c  c a s e  a t  r u p t u r e .  Y o d u l u s  of r u p t u r o  i n  
f l e x u r e  i s  a f i c t i t i o u s  s t r e s s  o b t a i n e d  by  s u b s t i t u t i n g  
t h o  laaxinurn b e n d i n g  n o s e n t  o b t z i n e d  i n  t h e  f l e x u r e  t e s t  

i n t o  t h e  e q u a t i o n  0 = 1. T h i s  docs,  n o t  r e p r e s e n t  t h e  
a c t u a l  maxirium s t r e s s  n t  f r a c t u r e  b c c n u s c  t h i s  e q u a t i o n  
q l s o  i s  c o r r o c t  o n l y  when s t r a s s  i s  d i r e c t l y  p r o p o r t i o n a l  
t o  s t r a i n  - a c o n d i t i o n  which i s  n o t  t r u e  a t  r u p t u r e  o f  a 
f l e x u r a l  member, 

T = --- ". The v a l u e  of  s t r e s s  o b t a i n e d  J 

1.1 c 
9 

5,  Creep . -  C r e e p  i s  d e s i g n a t e d  a s  tYLe t o t h l  e x t e n -  
s i o n  i n  a t e n s i o n  member vrhicii h a s  o c c u r r e d  up  t o  a g i v e n  
t i m e  a s  a r e s u l t  o f  a c o n s t a n t  l o s d ;  i t  t s  e x ; r e s s e d  i n  
p e r c e n t .  I t  s h o u l d  be R o t i c e d  t h a t  c r e e p  i n c l u d e s  b o t h  
t h e  e l a s t i c  s t r e t c h  and  t h e  s t r e t c h  which o c c u r s  p r o g r e s -  
s i v e l y  d u r i n g  t h e  t i m e  o f  loading. 
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6 .  H a t e  of  c r e e p , -  The r a t e  o f  c r e e p  r e p r e s e n t s  a 
t i m e  r a t e  of e x t e n s i o n  of t h e  t e n s i o n  member u n d e r  a con- 
s t a n t  l o a d .  I t  i s  d e t e r m i n e d  b y  m e a s u r i n g  t h e  s l o p e  o f  
t h e  s t r a i g h t - l i n e  p o r t i o n  o f  t h e  c r e e p - t i m e  c u r v e .  1 < o t o  
t h a t  t h e  r a t e  o f  c r e e p  t i r ? e s  t h 6  t i n e  d o e s  n o t  e i v e  t h e  
t o t a l  c r e a p .  

7 .  F a t i g u e  . s t r e n u . -  I n  t h i s  p a p e r  a c y c l e  o f  r e -  
p e a t e d  s t r e s s  i s  r e s o l v e d  i n t o  t w o  componen t s  - s t e a d y  o r  
mean s t r e s s  uaon which  1 3  s u p e r i m p o s e d  a n  a l t e r n a t i n g  
s t r e s s .  The maxinum a m p l i t u d e  o f  a n  a l t e r n a t i n g  s t r e s s  
c y c l a ,  c s p r e s s e d  i n  pound-s  p e r  square i n c h ,  which  will 
n o t  c a u s e  f r a c t u r e  o f  t h c  m a t e r i a l  f o r  a g i v e n  numbor o f  
c y c l e s  o f  e l t c r n a t i n g  s t r e s s  i s  c a l l e d  t h e  f a t l g u e  s t r e n g t h .  
The nuo;'cer o f  c y c l e .  u s e l  :n t h i s  par ier  v a s  1 0 0 , 0 0 0 , 0 0 0 .  
If: t h e  s t r e s s  c y c l e  d o e s  n o t  p r o d u c e  c o m p l e t e  r e v e r s a l  o f  
s t r e s s ,  t h e  xoan s t r e s s  o f  t h a  c y c l e  r u s t  be  s t a t e d  vhen  
E p c c i f y i n g  thn, f a t i g c e  s t ~ e n g t h  b e c a u s e  i n  g e n e r a l  t h e  Za- 
t i  ~ a s  st:en:;th ciia.igcs - : i th  A i f f e r a n t  v s i v e s  o f  mean s t r e s s .  

5. Mean s t r e s s . -  T h e  a l g c - k r a i c  mczn b e t w c c n  t h e  x a x i -  
nux a n d  F in imun  s t r e s s  prc?d.uced ir, P m a t e r i a l  durint :  tin 
a l t > e r n ? t i n g  cyc2.e o f  s t r e s s .  Yhen u s e 3  i n  c o n  j u n c t i o n  
w i t h  t h e  f a t i g u e  s t r e n g b h ,  t l i e  t e r m  f f n e 2 x  s t r e s s "  d e n o t e s  
t h e  mean s t r e s s  f o r  wkick? t h e  s t e t e d  f a t i g u e  s t r e n g t h  was 
d e t o r m i n c d .  

9.  Averqxe  d e v i - a t i o n  f r o ?  t h e  mean.- T h i s  q u a n t i t y  
i s  u s e d  as a measure  o f  t h e  s c a t t e r  i n  e x p e r i m e n t a l  data 
a n d  i s  o b t a i n e d  b y  f o r m i n g  t h e  d i f f e r e n c e  b e t w e e n  e a c h  
r a a d i n g  a n d  t h e  a v e r a g e  o f  r e a d i n { ; s ,  t h e n  a v e r n g i n g  t h e s e  
d i f f e r e n c e s .  

Depa r tmun t  o f  T h e o r e t i c a l  ani'? Applied X e c h a n i c s ,  
C o l l e g e  o f  E n g i n e e r i n g ,  

U n i v e r s i t y  o f  I l l i n o i s ,  
U r b a n a p  Ill., A p r f l  15 ,  194-5- 
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(Speohen au Sharm i n  Fig. l a  ) 

( T o m  Defined in Appendix ) 

Speo hen  
Number 

Yield 8trsnC;th 
0.05 per o a t  
offset ,  pri  

ultimate 
Strength 

P U i  

Ultimate 
Strain 

ln. per in, 

'Iodulur of 
glar t ia l ty  
lo00 psi 

Rate of Strain 
in. per in. per 

ppln. 

4790 

4320 

4550 

4430 

4670 

~ 

0.0015 

0.0015 

0.0015 

0.0013 

0.004 

25-B-5 

25-8-6 

25-B-10 

26-B-11 

26-B-17 

I 
4550 0.004 Average 4010 

from the  Mema 170 

I 
Average Deviatlop 

140 28 

Average No-Load Herd Speed -- O&O in. per min. 

TAELB 11. STATIC COMPRESSION TESTS OF PHENOLIC MOLDING HATERIAL 

(Speoimen a8 Shown in Fig. 2a 

(Terms Defined in Appendix ) 

Speciman 
Number 

Ultimata 
Strength 

P r i  

Oltblate 
Strain 

.n. per in, 

Modulus of 
elart io i ty  
lo00 p s i  

Yield, Strengt 
0.2 o r  0 

Rate of Strain 
ln./in./inin. 0.090 

offset  
PS i 

203-~-10 

203-~-11 

2034-9 

m3-nre 
2034-13 

~ ~~~ 

0.004 

0.0015 

0.001.6 

0.0015 

0.0016 

Average 13,200 0.0% 886 0.0915 

Average Deviation 
from the Mean 380 390 0.0005 59 
Average MQ - Load Head speed -0 0.0105 in. per min. 



3160 

3640 

00012 .ooyl 0.0lge 236 

0.0173 235 0004 *m58 

3330 0.0162 234 

0.0007 
.I 

210 2 

34 

TABLE 111. STATIC COMPRESSION TFSTS FOR Zn,TI?lATE ST?E?G?E 

OF PHENOLIC MOLDING MATERIAL 

(Specimen a8 shown in Fig. 2b) 

4 
h 

1 

3 Specimen 
Bumber 

mtimate 
Strength 

Psi 

Approximat e 
Rate of  Strain 
in. /in./min. 

203-A-5 

203-a-3 

2 0 3 . ~ ~ 2  

2034-4  

2 0 3 . ~ ~ 6  

O.OOO8 

0.0008 

0.ooog 

0.0015 

0.0015 

Average 18,960 

Average Deviation 
from the Mean 540 

TABLE IV. STATIC TORSION TESTS OF PHENOLIC MOLDING MERIAL 

(Specimen a8 Shonn in Fig. 26) 

(Term8 Defined in Appendix) 

Specimen 
Numb or 

0.0155 00012 .oo% 

2730 
I I I 

I I I 
~~ 

Average 

Average Deviation 
from the Mean 120 I 180 

Average Ho-losd Head Speed -- 0.0% revolutions per min. 
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Iaod- 
Notch Parallel t o  
Original Surfaae 

Average 
Average deviation 
from the Mean 

Itod- 
Notch Perpendicular 
t o  Original Surface 

h w a g e  Deviation 
from the Hean 

Average 

T A B U  V. MPhCT TESTS OF PHENOLIC MOLDING MATERIAL 

(Specimens as shown in Fig. l o  and Id)  

(Terms defined in Appendix) 

1-4 
1-3 
1-2 
1.1 

1-7 
1-6 
1-5 

yype of Teat  I Sheet 311 I Sheet 3& 
Absorbed I Specimen I Absorbed 

2harPY-- I C 4  I C &  

Original Surface IC-2 18.7 IC02 
I C - 1  19 .9 IC-1  

lotoh Parallel t o  IC-3 IC-3 

Average 16.9 

from the Mean 2.4 
Ch-PY-- IC-7 . IC07 
Notch Perpendicular IC-6 11.8 IC-6 
t o  Original Surface I C 4  13.5 IC-5 

Average 13.2 

Average Detviation 

Average Deviation 
from the Mean 1.0 

Specimen I 

21.3 
17 08 
4.5  
17.5 
17.8 17.3 

1.8 
13 .4 
4.6 

, 15.8 
l4.6 13 09 

0 08 



36 

b 
ou 
I 

I 3  

. 

I 

t 

0 
cy 
% 

L 

I 

t 
a 
0 
k 
+, m 
0 
0 
.ri 
0 

I+ 

I 
I 

0 



NACA Fig.  1 
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NACA Fig. 2 
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NACA Phenolic molding material 
k p - 4  1/21! 

I b b , 3  1/21! -4 I 
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a 

Fig. 3 

'I."! p- 

Section A-A 

Square cross section bending . 

4 b 

2" rad. Section k-k ' 1/4" dia. A -  

Rota t in$ beam 

Notched rotating beam 

Figure 3 . -  "Fatigueft specimens, 



F i g s .  N A C A  
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N A C A  F i g s .  6.7 

Figure 6.- Detrusion gage. 

Figure 7 . -  
Creep 
measuring 
apparatus . 



k 

I 

d 

NACA F i g s .  8 . 9  

Figure 8. -  Jig for assembling creep extensometer. 

Figure 9.- Fixed-cantilever constant-amplitude fatigue 
machine arranged f o r  bending tests. 
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NACA 

Figure 10.- Fixed-cantilever, constantamplitude fatigue 
machine arranged for torsion t;ests. 

h 
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Figure 11.- Rotating- cantilever-beam fatigue machine. 



NACA Figs. I20 , l 2 b  

Stfclln, h. per in. 

Fig.12-A 
Stress vs Strdn ht Tension 

Sfrcll, in per in. 

Strear v(, Strain In T8lrsion 
FigJ2-8 



NACA Figs. IZc,  13,14a 
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NACA 

Strain, tnpr in 

Fig. 14- B 
Stress va. Stroin In Comprrsslon 

Figs. 14b, 14c 

Strain,in.prr ih 

Fig.14-C 
Stress vs. Strain In Comprasrlon 
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NACA Figs. 16,17 

Modidus of Ehstikity, G. 
in Sheor- 232000p.i 

Yield Sfre@ of 005% - 
Offsd = 2500 p s i  

Rob of Stroh = 
oooso2 m./lh./min 

)4 0.008 0012 0 
Shearing Stratn, inper in 

Fig 16 

Shearing S t r e s s  YS Strain in Torsion 

Fig 17 

Shearing Strain YS Trme in Torsion 
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Fiq 18.-Shearing Stre,- vs Strain for Torsion of Solid and Hollow  specimen^ 

at Different Rates of Strain (Specimens Fig. ,?e$) 
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Fiq 19.-The Effect of 3Peed’’of Testing on the Yield Strenqth 
in Torsion at 005 per cent Oftset 
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Fi9.20 The Effect of Initial Moisture Content on the Specific Weiqht 

after Different Intervals of Time at Constant Temperature 
and Relative Humidity (semi-loq) 
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NACA Figs. 22,25 , 26 

Time, minutes 
Fig.22.-Stress v5 Time in Bendinq 

(Four Point Loadinq) 

Ti me, hou r s 

Fiq.Z6.-The Effect of Time of Application of a Constant Load on 
the Stress Cousing Fracture (log-log1 
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NACA Fig. 23 
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NACA F i g s .  27,28 
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Fi92Z- u-N Dloqrams for Fatique k t s  at Several Different Values 
of Mean Stress (Mochtce- Fq 9, Specimen- Ftq 36) 

Bending Meon Stress, psi 

Fig. 28rThe Effect of Mean Stress on the Fatigue 
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